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“Two things fill the mind with ever-increasing wonder and awe, the more
often and the more intensely the mind of thought is drawn to them: the
starry heavens above me and the moral law within me.”
– Immanuel Kant
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Abstract
Pulsars are rapidly-rotating neutron stars born out of the death of stars. A diffuse
nebula is formed when particles stream from these neutron stars and interact with the
ambient medium. These pulsar wind nebulae (PWNe) are visible across the electro-
magnetic spectrum, producing some of the most brilliant objects ever observed. The
launch of the Fermi Gamma-ray Space Telescope in 2008 has offered us an unprece-
dented view of the cosmic γ-ray sky. Using data from the Large Area Telescope on
board Fermi , we search for new γ-ray-emitting PWN. With these new observations,
we vastly expand the number of PWN observed at these energies. We interpret the
observed γ-ray emission from these PWN in terms of a model where accelerated elec-
trons produce γ-rays through inverse Compton upscattering when they interact with
interstellar photon fields. We conclude by studying how the observed PWN evolve
with the age and spin-down power of the host pulsar.
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Chapter 1
Overview
In Chapter 2, we discuss the history of γ-ray astrophysics. First we present broadly
the history of astronomy in Section 2.1 and the history of γ-ray astrophysics in Sec-
tion 2.2. Then, we discuss the Fermi Gamma-ray Space Telescope in Section 2.3.
Next, we discuss historical developments in our understanding of pulsars and pulsar
wind nebula (PWN) in Section 2.4. We conclude by discussing the major source
classes detected by the Large Area Telescope (LAT) in Section 2.5 adn the major
radiation processes that occur in high-energy astrophysics in Section 2.6.
In Chapter 3, we discuss our current understanding of the physics of pulsars and
PWN. We discuss the formation of a pulsar in Section 3.1 and the time evolution
of a pulsar in Section 3.2. Then, we describe the magnetosphere of the pulsar in
Section 3.3 and the structure of a typical PWN in Section 3.4. Finally, we describe
the energy spectrum emitted from a typical PWN in Section 3.5.
In Chapter 4, we discuss maximum-likelihood analysis and how it can be used to
analyze LAT data. We describe the motivation for using maximum-likelihood analy-
sis in Section 4.1 and the maximum-likelihood formulation in Section 4.2. Then, we
describe how to build a model of the γ-ray sky in Section 4.3 and describe the LAT in-
strument response functions (IRFs) in Section 4.4. Finally, we describe the standard
package gtlike for performing maximum-likelihood analysis of LAT data in Sec-
tion 4.5 and we describe pointlike, an alternate package for performing maximum-
likelihood analysis of LAT data, in Section 4.6.
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In Chapter 5, we discuss a new method to study spatially-extended sources. We
discuss the formulation of this method in Section 5.2. We validate the extension-
significance calculation in Section 5.3 and then we compute the sensitivity of the
LAT to spatially-extended sources in Section 5.4. We develop a new method to
compare the hypothesis of multiple point-like sources to one spatially-extended source
in Section 5.5 and finally in Section 5.6 we validate our method by testing point-like
sources from the second LAT AGN catalog (2LAC) for extension.
In Chapter 6, we apply the extension test developed in Chapter 5 to search for
new spatially-extended sources. First, we validate the method by studying known
spatially-extended LAT sources in Section 6.1.
In Section 6.2, we develop a method to estimate systematic errors associated with
studying extended sources and in Section 6.3 we develop a method to search for
new spatially-extended sources. Finally, we discuss the newly-discovered spatially-
extended sources in Section 6.4 and the population of spatially-extended LAT sources
in Section 6.5.
In Chapter 7, we perform a search for new PWN in the off-peak regions of LAT-
detected pulsars. First, we develop a new method to define the off-peak regions used
for the search in Section 7.1. Then, we describe the analysis method we used to search
these regions in Section 7.2 and the results of this search in Section 7.3. Finally, we
discuss some of the sources detected with this method in Section 7.4.
In Chapter 8, we perform a search for γ-ray emission from very high energy (VHE)
PWN. We discuss our list of VHE candidates in Section 8.1 and our analysis method in
Section 8.2. Finally, we several new PWN detected using this method in Section 8.3.
In Chapter 9, we describe the population of γ-ray emitting PWN and study how
they evolve with the spin-down energy and age of their associated pulsars. Finally, in
Chapter 10 we remark on potential future opportunities to expand our understanding
of PWNe and their γ-ray emission.
Chapter 2
Gamma-ray Astrophysics
2.1 Astronomy and the Atmosphere
From the very beginning, humans have surely stared into space and contemplated
its brilliance. Stone circles in the Nabta Playa in Egypt are likely the first observed
astronomical observatory and are believed to have acted as a prehistoric calendar.
Dating back to the 5th century BC, they are 1,000 years older than Stonehenge
(McK Mahille et al. 2007).
Historically, the field of astronomy concerned the study of visible light because it
is not significantly absorbed in the atmosphere. But slowly, over time, astronomers
expanded their view across the electromagnetic spectrum. Infrared radiation from
the sun was first observed by William Herschel in 1800 (Herschel 1800). The first
extraterrestrial source of radio waves was detected by Jansky in 1933 (Jansky 1933).
The expansion of astronomy to other wavelengths required the development of rockets
and satellites in the 20th century. The first ultraviolet observation of the sun was
performed in 1946 from a captured V-2 rocket (Baum et al. 1946). Observations of
x-rays from the sun were first performed in 1949 (Burnight 1949).
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2.2 The History of Gamma-ray Astrophysics
It was only natural to wonder about photons with even higher energies. As is common
in the field of physics, the prediction of the detection of cosmic γ-rays proceeded their
discovery. Feenberg & Primakoff (1948) theorized that the interaction of starlight
with cosmic rays could produce γ-rays through inverse Compoton (IC) upscattering.
Following the discovery of the neutral pion in 1949, Hayakawa (1952) predicted that
γ-ray emission could be observed from the decay of neutral pions when cosmic rays in-
teracted with interstellar matter. And in the same year, Hutchinson (1952) discussed
the bremsstrahlung radiation of cosmic-ray electrons. Morrison (1958) predicted the
detectability of γ-ray emission from solar flares, PWNe, and active galaxies.
The first space-based γ-ray detector was Explorer XI (Kraushaar et al. 1965).
Explorer XI operated in the energy energy range above 100 MeV. It had an area of
∼ 45cm2 but an effective area of only ∼ 7cm2, corresponding to a detector efficiency
of ∼ 15%. It was launched on April 27, 1961 and was in operation for 7 months.
Explorer XI observed 31 γ-rays but, because the distribution a distribution of these
γ-rays was consistent isotropy, the experiment could not firmly identify the γ-rays as
being cosmic.
The first definitive detection of γ-ray came in 1962 by an experiment on the Ranger
3 moon probe (Arnold et al. 1962). It detected an isotropic flux of γ-rays in the 0.5
MeV to 2.1 MeV energy range.
The Third Orbiting Solar Observatory (OSO-3) was the first experiment to firmly
identify γ-ray emission from the Galaxy (Kraushaar et al. 1972). OSO-3 was launched
on March 8, 1967 and operated for 16 months, measuring 621 cosmic γ-rays. Fig-
ure 2.2 shows a sky map of these γ-rays. This experiment confirmed both a Galactic
component to the γ-ray sky as well as an additional isotropic component, hypothesised
to be extragalactic in origin.
This anisotropic gamma-ray distribution was confirmed by a balloon-based γ-ray
detector in 1970 (Kniffen & Fichtel 1970). In the following year, the first γ-ray pulsar
(the Crab pulsar) was detected by another balloon-based detector Browning et al.
(1971).
CHAPTER 2. GAMMA-RAY ASTROPHYSICS 5
19
72
Ap
J.
..
17
7.
.3
41
K
Figure 2.1 The position of all 621 cosmic γ-rays detected by OSO-3. This figure is
from Kraushaar et al. (1972).
The next major advancements in γ-ray astronomy came from the second Small As-
tronomy Satellite (SAS-2) and COS-B. SAS-2 was a dedicated γ-ray detector launched
by the National Aeronautics and Space Administration (NASA) in November 15, 1972
Fichtel et al. (1975). It improved upon OSO-3 by incorporating a spark chamber and
having an overall larger size. The size of the active area of the detector was 640 cm2
and the experiment had a much improved effective area of ∼ 115 cm2. The spark
chamber allowed for a separate measurement of the electron and positron tracks,
which allowed for improved directional reconstruction of the incident γ-rays. SAS-2
had a PSF ∼ 5◦ at 30 MeV and ∼ 1◦ at 1 GeV.
In 6 months, SAS-2 observed over 8,000 γ-ray photons and covered ∼ 55% of the
sky including most of the Galactic plane. It discovered pulsations from the Crab
(Fichtel et al. 1975) and Vela pulsar (Thompson et al. 1977b). In addition, SAS-
2 discovered Geminga, the first γ-ray source with no compelling multiwavelength
counterpart (Thompson et al. 1977a). Geminga was eventually discovered to be a
pulsar by the Energetic Gamma Ray Experiment Telescope (EGRET) (Bertsch et al.
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1992) and retroactively by SAS-2 (Mattox et al. 1992).
the European Space Agency (ESA) launched COS-B on August 9, 1975. COS-
B improved upon the design of SAS-2 by including a calorimeter below the spark
chamber which improved the energy resolution to < 100% for energies ∼ 3 GeV
(Bignami et al. 1975). COS-B operated successfully for over 6 years and produced the
first detailed catalog of the γ-ray sky. In total, COS-B observed ∼ 80, 000 photons
(Mayer-Hasselwander et al. 1982). The second COS-B catalog (2CG) detailed the
detection 25 γ-ray sources for E > 100 MeV (Swanenburg et al. 1981). Figure 2.2
shows a map of these sources. Of these sources, the vast majority lay along the
galactic plane and could not be positively identified with sources observed at other
wavelengths. In addition, COS-B observed the first ever extragalactic γ-ray source,
(3C273, Swanenburg et al. 1978).
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Figure 2.2 A map of the sources observed by COS-B. The filled circles represent
brighter sources. The unshaded region corresponds to the parts of the sky observed
by COS-B. This figure is from Swanenburg et al. (1981).
The next major γ-ray experiment was EGRET, launched on board the Compton
Gamma Ray Observatory (CGRO) in 1991. EGRET had a design similar to SAS-2,
but had an expanded energy range, operating from 20 MeV to 30 GeV, an improved
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effective area of ∼ 1500 cm2 from ∼ 500MeV to ∼ 1 GeV, and an improved angular
resolution, decreasing to ∼ 0.5◦ at its highest energies (Thompson et al. 1993). At the
time, CGRO was the heaviest astrophysical experiment launched into orbit, weighting
∼ 17, 000 kg. EGRET contributed ∼ 6, 000 kg to the mass of CGRO. Figure 2.2 shows
a schematic diagram of EGRET.
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Figure 2.3 A diagram of the EGRET detector. This figure is from (Thompson et al.
1993).
EGRET vastly expanded the field of γ-ray astronomy. EGRET detected six pul-
sars (Nolan et al. 1996) and also the Crab Nebula (Nolan et al. 1993). EGRET also
detected the LMC, the first normal galaxy outside of our galaxy to be detected at
γ-rays (Sreekumar et al. 1992). EGRET also detected Centarus A, the first radio
galaxy detected at γ-rays (Sreekumar et al. 1999). In total, EGRET detected 271
γ-ray sources in the third EGRET catalog (3EG) (Hartman et al. 1999). This cat-
alog included 66 high confidence blazar identifications and 27 low-confidence AGN
identifications. Figure 2.2 plots the sources observed by EGRET. In total, EGRET
detected over 1,500,000 celestial gamma rays (Thompson 2008).
Following EGRET, the next major γ-ray observatories were Astro-rivelatore Gamma
a Immagini LEggero (AGILE) (Pittori & the AGILE Team 2003) and the Fermi
Gamma-ray Space Telescope (Atwood et al. 2009). AGILE was an Italian Space
Agency (ASI) experiment launched in 2007 and Fermi was a joint NASA and United
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FIG. 4.ÈThird EGRET source catalog, shown in Galactic coordinates. The size of the symbol represents the highest intensity seen for this source by
EGRET. Source types : pulsars, black squares ; solar Ñare, black circle ; galaxy (LMC), black triangle ; AGNs (blazars, with the exception of Cen A), black
diamonds ; unidentiÐed sources, open circles.
It is apparent that a larger fraction of the sources in this
catalog are noted as being potentially confused than in 2EG
and 2EGS. This is not only because the catalog contains
substantially more sources than 2EG and 2EGS, but also
because for weak sources we have considered the below-
threshold excesses as confusing.
4. SECOND CATALOG SOURCES NOT IN THE THIRD
CATALOG
As a result of the reanalysis of the data, a number of the
sources which appeared in 2EG and 2EGS do not appear in
this catalog. These sources are scattered throughout the
sky. In most cases, the sources from 2EG and 2EGS which
were a†ected enough by the reanalysis to be dropped from
the third catalog had statistical signiÐcances which changed
from just above the catalog threshold to just below it. These
““ lost ÏÏ sources are listed in Table 6, showing the (T S)1@2 in
2EG/2EGS and the maximum (T S)1@2 found for the source
in the current analysis. One marginal AGN identiÐcation
listed in 2EG (1317]520) was dropped in this manner. In
all cases, excesses are still seen, but with signiÐcance below
the threshold for the current catalog.
5. UPPER LIMITS FOR OBJECTS NOT DETECTED
Instead of providing upper limits for speciÐc objects,
upper limits have been calculated for a 1¡] 1¡ grid on the
sky. The result is shown in Figure 3, where the upper limit is
a 95% conÐdence limit in units of photons ([100 MeV)
cm~2 s~1. For comparison with this Ðgure, the faintest
source in the catalog with a signiÐcance (T S)1@2º 4 has a
Ñux of (6.2^ 1.7) 10~8 cm~2 s~1.
The sources in this catalog must be considered in the
upper limit estimate. As noted above, EGRET cannot easily
resolve sources within 1¡ of each other, and the PSF of
EGRET is large enough to inÑuence sources several degrees
away. For this reason, upper limits near identiÐed catalog
sources may be underestimated. (On the other hand, an
unidentiÐed source nearby could actually be the object in
question, in which case the upper limit from Figure 4 would
be meaningless.) Therefore, the regions around catalog
sources are blanked out in Figure 4. For any object within a
blanked region, it is recommended that the source Ñux itself
be taken as a conservative upper limit.
6. TRANSIENT SOURCES
3EG J1837[0423 is a transient Galactic plane source
(Tavani et al. 1997). It appears in this catalog because it was
above the catalog threshold in viewing period 423.0.
GRO J1125[6005 is a transient source identiÐed with
Cen X-3 by Vestrand, Sreekumar, & Mori (1997). Its
(T S)1@2\ 4.7 in this analysis is below the catalog threshold
for a low-latitude source. However, discovery of pulsation
at the Cen X-3 spin period with 3 p signiÐcance provides
considerably greater conÐdence for this identiÐcation.
Among the EGRET-detected blazars, there is ample evi-
dence for transient behavior and extreme variability, by as
much as a factor of 100 in Ñux (Mattox et al. 1997b). Less
dramatic variation is seen in many of the EGRET-detected
blazars, including some of the relatively weak ones which
have been detected only once.
Thompson et al. (1997) have searched for transient
sources in the Galactic anticenter but have found no strong
evidence for such. Bloom et al. (1997c) have searched for
previously unknown transient sources at high latitudes but
have also found none (although some previously unknown
instances of variability in known sources were found). The
Figure 2.4 The position of EGRET sources in the sky in galactic coordinates. The
size of the source markers corresponds to the overall source intensity. This figure is
from (Hartman et al. 1999).
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States Department of Energy (DOE) experiment which was launched in 2008. The
major difference between AGILE and Fermi was that Fermi has a significantly-
improved effective area (9, 500 cm2, Atwood et al. 2009) compared to AGILE (∼
500 cm2, Pittori & the AGILE Team 2003). We will discuss the Fermi detector in
Section 2.3.
2.3 The Fermi Gamma-ray Space Telescope
No. 2, 2009 LARGE AREA TELESCOPE ON FERMI MISSION 1073
Figure 1. Schematic diagram of the LAT. The telescope’s dimensions are
1.8 m × 1.8 m × 0.72 m. The power required and the mass are 650 W and
2789 kg, respectively.
(A color version of this figure is available in the online journal.)
Many high-energy sources revealed by EGRET have not yet
been identified. The Large Area Telescope (LAT) on the Fermi
Gamma-ray Space Telescope (Fermi), formerly the Gamma-ray
Large Area Space Telescope (GLAST), launched by NASA on
2008 June 11 on a Delta II Heavy launch vehicle, offers enor-
mous opportunities for determining the nature of these sources
and advancing knowledge in astronomy, astrophysics, and par-
ticle physics. In this paper a comprehensive overview of the
LAT instrument design is provided, the preflight expected per-
formance based on detailed simulations and ground calibration
measurements is given, and the science goals and expectations
are summarized. The Fermi observatory had been launched
shortly before the submission of this paper so no details of
in-flight performance are provided at this time, although the
performance to date does not deviate significantly from that es-
timated before launch. The in-flight calibration of the LAT is
being refined during the first year of observations and therefore
details of in-flight performance will be the subject of a future
paper.
Fermi follows the successful launch of Agile by the Italian
Space Agency in 2007 April (Tavani et al. 2008). The scientific
objectives addressed by the LAT include (1) determining the
nature of the unidentified sources and the origins of the diffuse
emission revealed by EGRET, (2) understanding the mecha-
nisms of particle acceleration operating in celestial sources,
particularly in active galactic nuclei (AGNs), pulsars, super-
novae remnants, and the Sun, (3) understanding the high-energy
behavior of GRBs and transients, (4) using γ -ray observations
as a probe of dark matter, and (5) using high-energy γ -rays to
probe the early universe and the cosmic evolution of high-energy
sources to z > 6. These objectives are discussed in the context
of the LAT’s measurement capabilities in Section 3.
To make significant progress in understanding the high-
energy sky, the LAT, shown in Figure 1, has good angular
resolution for source localization and multiwavelength studies,
high sensitivity over a broad field of view (FoV) to monitor
variability and detect transients, good calorimetry over an
extended energy band to study spectral breaks and cutoffs,
Table 1
Summary of LAT Instrument Parameters and Estimated Performance
Parameter Value or Range
Energy range 20 MeV–300 GeV
Effective area at normal incidencea 9,500 cm2
Energy resolution (equivalent Gaussian 1σ ):
100 MeV–1 GeV (on-axis) 9%–15%
1 GeV–10 GeV (on-axis) 8%–9%
10 GeV–300 GeV (on-axis) 8.5%–18%
>10 GeV (>60◦ incidence) 66%
Single photon angular resolution (space angle)
on-axis, 68% containment radius:
>10 GeV 60.◦15
1 GeV 0.◦6
100 MeV 3.◦5
on-axis, 95% containment radius < 3 × θ68%
off-axis containment radius at 55◦ < 1.7× on-axis value
Field of View (FoV) 2.4 sr
Timing accuracy < 10 µs
Event readout time (dead time) 26.5 µs
GRB location accuracy onboardb < 10′
GRB notification time to spacecraftc <5 sec
Point source location determinationd < 0.′5
Point source sensitivity (>100 MeV)e 3 × 10−9 ph cm−2 s−1
Notes.
a Maximum (as a function of energy) effective area at normal incidence. Includes
inefficiencies necessary to achieve required background rejection. Effective area
peak is typically in the 1 to 10 GeV range.
b For burst (<20 s duration) with >100 photons above 1 GeV. This corresponds
to a burst of ∼5 cm−2 s−1 peak rate in the 50 – 300 keV band assuming a
spectrum of broken power law at 200 keV from photon index of –0.9 to –2.0.
Such bursts are estimated to occur in the LAT FoV ∼10 times per year.
c Time relative to detection of GRB.
d High latitude source of 10−7 cm−2 s−1 flux at >100 MeV with a photon
spectral index of –2.0 above a flat background and assuming no spectral cutoff
at high energy; 1σ radius; one-year survey.
e For a steady source after one-year sky survey, assuming a high-latitude diffuse
flux of 1.5 × 10−5 cm−2 s−1 sr−1 (>100 MeV) and a photon spectral index of
–2.1, with no spectral cutoff.
and good calibration and stability for absolute, long term flux
measurement. The LAT measures the tracks of the electron
(e−) and positron (e+) that result when an incident γ -ray
undergoes pair-conversion, preferentially in a thin, high-Z foil,
and measures the energy of the subsequent electromagnetic
shower that develops in the telescope’s calorimeter. Table 1
summarizes the scientific performance capabilities of the LAT.
Figure 2 illustrates the sensitivity and FoV achieved with the
LAT for exposures on various timescales. To take full advantage
of the LAT’s large FoV, the primary observing mode of Fermi
is the so-called “scanning” mode in which the normal to the
front of the instrument (z-axis) on alternate orbits is pointed
to +35◦ from the zenith direction and towards the pole of the
orbit and to −35◦ from the zenith on the subsequent orbit.
In this way, after two orbits, about 3 hr for Fermi’s orbit at
∼565 km and 25.◦5 inclination, the sky exposure is almost
uniform. For particularly interesting targets of opportunity, the
observatory can be inertially pointed. Details of the LAT design
and performance are presented in Section 2.
The LAT was developed by an international collabora-
tion with primary hardware and software responsibilities at
Stanford University, Stanford Linear Accelerator Center, Agen-
zia Spaziale Italiana, Commissariat a` l’Energie Atomique,
Goddard Space Flight Center, Istituto Nazionale di Fisica
Figure 2.5 A schematic diagram of the LAT with an incident γ-ray (red line) pair-
converting into an electron and positron pair (blue lines). This figure is taken from
(Atwood et al. 2009).
The Fermi Gamma-ray Space telescope was launched on June 11, 2008 on a Delta
II heavy launch vehicle (Atwood et al. 2009). The primary since instrument on board
Fermi is the LAT, a pair-c nversion telescope w ich d tec s γ-rays in the energy range
from 20 MeV to > 300 GeV (see Figure 2.5). In addition, Fermi contains the Gamma-
ray Burst Monitor (GBM), which is used to observe gamma-ray bursts (GRBs) in the
energy range from ∼ 8 keV to ∼ 40 MeV. See Meegan et al. (2009) for a description
of the GBM.
CHAPTER 2. GAMMA-RAY ASTROPHYSICS 10
2.3.1 The LAT Detector
The LAT is composed of three major subsystems: the tracker, the calorimeter, and the
Anti-Coincidence Detector (ACD). Fundamentally, the detector operates by inducing
an incident γ-ray to pair convert in the tracker into an electron and positron pair.
The electron and position travel through the tracker and into the cesium iodide (CsI)
calorimeter. The tracks and energy deposit can be used to infer the direction and
energy of the incident γ-ray. Both the tracker and calorimeter are 4× 4 arrays, each
composed of 16 modules. Each tracker tower is divided into 18 tungsten converter
layers and 16 dual-silicon tracker planes. Each calorimeter module is composed of
eight layers of 12 CsI crystals.
The ACD provides provides background rejection of charged particles incident on
the LAT. The ACD surrounds the tracker and is composed of 89 plastic scintillator
tiles (5× 5 on the top and 16 on each of the sides). The ACD has a 0.9997 efficiency
for detecting singly-charged particles entering the LAT. A detailed discussion of the
various subsystems of the LAT can be found in (Atwood et al. 2009).
2.3.2 Performance of the LAT
The LAT has an unprecedented effective area (∼ 9, 500 cm2), single-photon energy
resolution (∼ 10%), and single-photon angular resolution (∼ 3.◦5 at E = 100 MeV
and decreasing to . 0.◦15 for E > 10 GeV) (Atwood et al. 2009).
With its 2.4 sr field of view, Fermi can observe the entire sky almost uniformly
every ∼ 3 hr. With one year of observations, the LAT has a point-source flux sen-
sitivity 3 × 10−9(E¿100 MeV )ph cm−2s−1 assuming a high-latitude diffuse flux of
1.5 × 10−5cm−2s−1sr−1 (E > 100 MeV) Figure 2.6 plots the sensitivity for exposures
of varying timescales.
The effective area, point spread function (PSF), and energy dispersion are both
a function of energy and of incident angle. Figure 2.7 plots the effective area as a
function of energy and incident angle. Figure 2.8 plots the PSF as a function of
energy. Finally, Figure 2.9 plots the energy dispersion as a function of energy and
incident angle. We will describe in Chapter 4 the analysis methods used to analyze
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Figure 2. LAT source sensitivity for exposures on various timescales. Each map is an Aitoff projection in galactic coordinates. In standard sky-survey mode, nearly
uniform exposure is achieved every two orbits, with every region viewed for ∼30 minutes every 3 hr.
(A color version of this figure is available in the online journal.)
Nucleare, Centre National de la Recherche Scientifique/Institut
National de Physique Nucle´aire et de Physique des Particules,
Hiroshima University, Naval Research Laboratory, Ohio State
University, Royal Institute of Technology—Stockholm, Univer-
sity of California at Santa Cruz, and University of Washington.
Other institutions that have made significant contributions to the
instrument development include Institute of Space and Astro-
nautical Science, Stockholm University, University of Tokyo,
and Tokyo Institute of Science and Technology. All of these
institutions as well as the Istituto Nazionale di Astrofisica in
Italy are making significant contributions to LAT data analysis
during the science operations phase of the Fermi mission.
2. LARGE AREA TELESCOPE
2.1. Technical Development Path
The LAT is designed to measure the directions, energies, and
arrival times of γ -rays incident over a wide FoV, while reject-
ing background from cosmic rays. First, the design approach
(Atwood et al. 1994) that resulted in the instrument described
in detail in Section 2.2 made extensive use of detailed simula-
tions of the detector response to signal (celestial γ -rays) and
backgrounds (cosmic rays, albedo γ -rays, etc.). Second, de-
tector technologies were chosen that have an extensive history
of application in space science and high-energy physics with
demonstrated high reliability. Third, relevant test models were
built to demonstrate that critical requirements, such as power,
efficiency, and detector noise occupancy, could be readily met.
Fourth, these detector-system models, including all subsystems,
were studied in accelerator test beams to validate both the design
and the Monte Carlo programs used in the simulations (Atwood
et al. 2000).
The modular design of the LAT allowed the construction,
at reasonable incremental cost, of a full-scale, fully functional
engineering demonstration telescope module for validation of
the design concept. This test engineering model was flown on a
high-altitude balloon to demonstrate system level performance
in a realistic, harsh background environment (Thompson et al.
2002; Mizuno et al. 2004) and was subjected to an accelerator
beam test program (Couto e´ Silva et al. 2001). Particle beam tests
were also done on spare flight tracker and calorimeter modules
(see Section 2.5.1).
2.2. Technical Description
High-energy γ -rays cannot be reflected or refracted; they
interact by the conversion of the γ -ray into an e+e− pair.
The LAT is therefore a pair-conversion telescope with a
precision converter-tracker (Section 2.2.1) and calorimeter
(Section 2.2.2), each consisting of a 4× 4 array of 16 modules
supported by a low-mass aluminum grid structure. A segmented
anticoincidence detector (ACD; Section 2.2.3) covers the tracker
array, and a programmable trigger and data acquisition system
(DAQ, Section 2.2.4) utilizes prompt signals available from the
tracker, calorimeter, and ACD subsystems to form a trigger.
The self-triggering capability of the LAT tracker in particular
is an important new feature of the LAT design that is possible
because of the choice of silicon-strip detectors, which do not
require an external trigger, for the active elements. In addition,
all of the LAT instrument subsystems utilize technologies that
do not use consumables such as gas. Upon triggering, the DAQ
initiates the read out of these three subsystems and utilizes on-
board event processing to reduce the rate of events transmitted
to the ground to a rate compatible with the 1 Mbps average
downlink available to the LAT. The onboard processing is opti-
mized for rejecting events triggered by cosmic-ray background
particles while maximizing the number of events triggered by
γ -rays, which are transmitted to the ground. Heat produced by
the tracker, calorimeter, and DAQ electronics is transferred to
radiators through heat pipes in the grid.
The overall aspect ratio of the LAT tracker (height/width)
is 0.4, allowing a large FoV60 and ensuring that nearly all
pair-conversion events initiated in the tracker will pass into the
calorimeter for energy measurement.
2.2.1. Precision Converter-Tracker
The converter-tracker has 16 planes of high-Z material in
which γ -rays incident on the LAT can convert to an e+e− pair.
60 FoV = ∫ Aeff (θ,φ)dΩ/Aeff (0, 0) = 2.4 sr at 1 GeV, where Aeff is the
effective area of the LAT after all analysis cuts for background rejections have
been made.
Figure 2.6 The LAT point-source sensitivity for exposures of 100 s, 1 orbit, 1 day,
and 1 yr. This figure is from Atwood et al. (2009).
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Figure 31. On-axis effective area as a function of the energy (a) and angular dependence (b) of the effective area at 10 GeV for the P7SOURCE class.
(A color version of this figure is available in the online journal.)
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and back-converting events are shown separately.
(A color version of this figure is available in the online journal.)
Finally, we note that for geometrical reasons (we require events
in the standard classes to intersect the CAL) the FoV for the
back section is typically larger than that for the front section.
5.2. Corrections to the Effective Area Derived from Simulations
In this section, we describe three refinements we made to the
effective area characterization based on experience with flight
data. In all three cases we have simulated the effects that we
had previously ignored or averaged out, but that we discovered
could significantly impact particular scientific analyses.
5.2.1. Correction for Ghost Events
As explained in more detail in Section 2.1.4, after the start
of LAT operations, it became apparent that ghost signals led to
a significant decrease in effective area with respect to the pre-
launch estimates, for which this effect was not considered. The
overlay procedure used to account for this effect, first introduced
in the P6_V3 set of IRFs, is described in detail in Section 2.5.1
and its impact on the effective area is shown in Figure 34.
5.2.2. Live Time Dependence
The effect of ghost signals is corrected on average as
described in the previous section. A smaller correction is
necessary to account for the detailed dependence of Aeff on
the CR rates. To account for this we need an estimator for the
rate of CRs entering the LAT; the obvious one is the trigger rate,
but technical issues make this choice impractical. A variable
that can be easily obtained from the pointing history files and
which is linearly correlated with trigger rate is the live time
fraction Fl, the fraction of the total observing time in which the
LAT is triggerable and not busy reading out a previous event.
The average value of Fl is ∼90% and varies between 82% and
92% over the Fermi orbit.
We bin events from a sample of periodic triggers according to
the corresponding live time fraction and for each bin we produce
32
Figure 2.7 The LAT effective area (a) as a function of energy for γ-ray that are
incident on the LAT perpendicularly from above and (b) as a function of incident
angle for photons with an energy of 10 GeV. The LAT performance is computed for
the P7SOURCE V6 event classification. This figure is from Ack rmann et al. (2012).
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the on-peak and off-pulse intervals and normalize them for the
relative phase ranges. To estimate the PSF from flight data, we
measure the containment radii from the difference between the
histograms.
6.2.2. Angular Containment from Active Galactic Nuclei
Above ∼10 GeV spectral cutoffs of pulsars leave AGNs as
the only attractive sources for studying the PSF. In Ackermann
et al. (2012e), we address the potential contribution from pair
halos around AGN and conclude that we see no indication that
this phenomenon is the explanation for the PSF being broader
than predicted. Thus, we treat AGNs as point sources. Many γ -
ray sources are considered to be only “associated” with AGNs,
as opposed to “firmly identified” (see Nolan et al. 2012, for a
discussion of the distinction), because of the limited angular
resolution of the LAT. In the present analysis we consider
only sources with high-confidence associations. As for pulsars,
the positions of AGN are known with high precision from
other wavelengths, and the angular distances from the true
directions can be calculated. To accumulate enough statistics
we stacked several sources and performed a joint analysis. We
selected AGNs from among the LAT sources with the highest
significances above 10 GeV outside the Galactic plane. This
energy limit is set by the source density: below a few GeV
the LAT PSF is broad enough that nearby sources frequently
overlap.
A significant difference with respect to the pulsar analy-
sis is the necessity of modeling the background in evaluat-
ing the distribution of angular deviations. We assume that
after the stacking of the sky regions far from the Galactic
plane the background count distribution can be assumed to be
isotropic. At each energy the background is modeled as a flat
distribution normalized by the amplitude in an annulus cen-
tered on the stacked data set. The inner radius of this annulus
was chosen to be significantly larger than the region containing
γ rays from the stacked AGN sample. The uncertainty of the
containment radius in each energy bin was set to the rms of a
large sample of MC realizations for the signal and background
distributions.
6.2.3. Point-spread Function Fitting
We have developed a procedure (described in detail in
Ackermann et al. 2012e), to fit our PSF model to the measured
containment radii for different energy ranges. Given the statis-
tical limitations we use a single King function, Equation (36).
For the same reason we do not measure the dependence of the
PSF on the incidence angle, i.e., we calculate an acceptance-
weighted average over the incidence angle. We first fit the ex-
perimental 68% and 95% containment radii (R68 and R95) with
Equation (36). Then we extract a new scaling relation. And fi-
nally, we use the fitted (rather than the measured) 68% and 95%
containment radii to obtain a new set of PSF parameters for each
energy bin. By using the fitted containment radii, this procedure
smooths out the statistical fluctuations across the energy bins.
The 68% and 95% angular containment radii for the flight-
based P7SOURCE_V6 PSF are shown in Figure 57.
6.3. Uncertainties of the Point-spread Function
The uncertainty of the derived PSF was estimated by com-
paring the 68% and 95% PSF containment radii from a set of
calibration point sources with the corresponding containment
radii derived from the P7SOURCE_V6 PSF (Ackermann et al.
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2012e). The 68% and 95% containment radii measure of the
accuracy representation of the PSF in the core and tail, respec-
tively.
The analysis was performed as a function of energy with four
energy bins per decade. To determine the accuracy of the PSF fit
as a function of incidence angle, subsamples were also studied
in which γ rays were additionally split into three bins of cos θ
([0.2, 0.5), [0.5, 0.75), and [0.75, 1.0]).
Figure 58 shows the 68% and 95% containment radii as
a function of energy for front- and back-converting γ rays
averaged over incidence angle. The smooth lines show the
model predictions for the MC (P7SOURCE_V6MC) and in-flight
(P7SOURCE_V6) IRFs. At energies below 3 GeV the containment
radii match the MC PSF with fractional residuals no larger
than 10%. Above 3 GeV the MC PSF begins to systematically
underestimate the 68% containment radius by as much as
50% for both front- and back-converting γ rays. As shown
in Figure 58, the P7SOURCE_V6 PSF reproduces the flattening
of the energy dependence of the PSF containment at high
energies. However, owing to the limitations of using a single
King function to parameterize the PSF, this model overpredicts
the PSF tails as represented by the 95% containment radii.
At large incidence angles (cos θ ∈ [0.2, 0.5]) the LAT PSF
broadens by approximately a factor of 1.5. Due to the sky survey
observing mode of Fermi and the decreased effective area at
large incidence angles the fit of the in-flight PSF is dominated
by γ rays at smaller incidence angles (cos θ ∈ [0.5, 1.0]). The
variation of the PSF with incidence angle is most relevant for
the analysis of transient phenomena in which the timescale of
interest is comparable to or shorter than the orbital period of
Fermi, such as GRBs and short-period time-series analyses.
As shown in Figure 59, the agreement of in-flight and MC
PSF models with the data appears worse at large incidence
angles (cos θ ∈ [0.2, 0.5]) although the limited statistics limit
a rigorous comparison. The in-flight PSF model, which does
not incorporate θ dependence, significantly underpredicts the
width of the 68% containment radius for both front- and back-
converting γ rays. The effect of these discrepancies on high-
level analysis will be considered in Section 6.5.
6.4. The “Fisheye” Effect
For sources observed only in a narrow range of incidence
angle, particularly near the edges of the LAT FoV, we must
consider an additional complication: particles that scatter toward
47
Figure 2.8 The angular resolution (68% and 95% containment radius) as a function of
energy. The LAT performance is computed for the P7SOURCE V6 event classification.
This figure is from Ackermann et al. (2012).
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Figure 70. Correlation between the energy dispersion and the PSF in the allGamma (Section 2.5.3) sample: (a) correlation coefficient CP,D between PP and PD as a
function of energy and (b) fraction of events with PP > 0.98 and PD < 0.02 (i.e., fraction of events which are in the tail of the PSF and also in the low side tail of the
measured energy distribution).
rays in some energy ranges this fraction approaches fa ∼ 0.02;
however, averaged over the FoV, it is in the 0.001–0.0035 range
for both front- and back-converting events at all energies, as
shown in Figure 70(b).
Although we cannot reproduce this analysis with flight
data, we have studied the correlations between the energy and
direction quality estimators (PE, see Section 3.3.2 and Pcore, see
Section 3.3.3) and found similarly small effects.
In summary, averaged over several orbital precession periods
any biases caused by the correlation between the energy disper-
sion and the PSF are negligible compared to other systematic
uncertainties we consider in the paper. However, it is certainly
a potential contributor to instrument-induced variability (see
Section 8.4).
7.2. Spectral Effects Observed with Simulations
As noted in Section 3.3.2, the maximum likelihood (LH)
energy correction algorithm described in Section 3.2.1 (and
used only in Pass 6) is by construction a binned energy
estimator. We have observed that it introduces spectral artifacts
corresponding to the bins used in creating the likelihood
parameterization. In addition, due to the fact that the correction
is not reliable above a few hundred GeV, the method is
55
Figure 2.9 The energy dis ersion (a) s a function of energy for γ-rays that are
incident on the LAT perpendicularly from above and (b) as a function of the incident
angle for photons with an energy of 10 GeV. The LAT performance is computed for
the P7SOURCE V6 event classification. This figure is from Ackermann et al. (2012).
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LAT data.
2.4 Pulsars and Pulsar Wind Nebulae
2.4.1 Pulsars
It is widely accepted that in the collapse of a massive star, a large amount of ejecta is
released as a supernova powering a supernova remnant (SNR) and that much of the
remaining mass collapses into a neutron star (Baade & Zwicky 1934).
Pulsars were first discovered observationally in 1967 by Jocelyn Bell Burnell and
Antony Hewish (Hewish et al. 1968). We note in that pulsars had been previously ob-
served by the air force (Brumfiel 2007). Even before the discovery, Pacini (1967) had
predicted the existence of neutron stars (NSs). Shortly following the 1967 discovery,
Gold (1968) and Pacini (1968) argued the connection between pulsars and rotating
NSs.
The discovery of many more pulsars came quickly. In 1968, and the Vela pulsar
(Large et al. 1968) and the Crab pulsar (Staelin & Reifenstein 1968) were discovered.
The first pulsar observed at optical frequencies was the Crab (Cocke et al. 1969). In
the same year, the first X-ray pulsations were discovered from the same source from
an X-ray detector on a rocket. The discovery was carried out almost concurrently
by a group at the Naval Research Laboratory (NRL) (Fritz et al. 1969) and at the
Massachusetts Institute of Technology (MIT) (Bradt et al. 1969). Using proportional
counters, these experiments showed that the pulsed emission from the Crab extended
to X-ray energies and that, for this source, the X-rays emission was a factor > 100
more energetic than the observed visible emission.
From these early sources, pulsar physics has blossomed into a vast field. In the
on-line Australia Telescope National Facility (ATNF) catalog, there are currently over
2,200 pulsars (Manchester et al. 2005).
As was discussed in Section 2.2, the first pulsar was observed in γ-ray in 1970
(Kniffen & Fichtel 1970). Observations by EGRET brought the total number of γ-
ray-detected pulsars to six (Nolan et al. 1996). Fermi has vastly expanded the number
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of pulsars detected in γ-rays and we will discuss these observations in Section 2.5.3
2.4.2 Pulsar Wind Nebulae
A PWN is a diffuse nebula of shocked relativistic particles that surrounds and is
powered by an accompanying pulsar. PWNe have been observed long before the
discovery of pulsars, but the pulsar/PWN connection was not made until after the
detection of pulsars.
The most famous PWNe is the Crab nebula, associated with the Crab pulsar.
The Crab supernova (SN) (SN 1054) was observed by Chinese astrologers in 1054 AD
Hester (2008). It was also likely observed in Japan, Europe, by Native Americans,
and in the Arab world (see Collins et al. 1999, and references therein).
The Crab nebula, in the remains of SN 1054, was first discovered in 1731 by
physician and amateur astronomer John Bevis. This source was going to be published
in his sky atlas Uranographia Britannica, but the work was never published because
his publisher filed for bankruptcy in 1750. Figure 2.4.2 shows Beavis’ plate containing
the Crab nebula. A detailed history of John Bevis’ work can be found in Ashworth
(1981). The Crab Nebulae was famously included in Charles Messier’s catalog as M1
in 1758 Hester (2008).
In 1921, Lampland (1921) observed motions and changes in brightness of parts
of the nebula. In the same year, Duncan (1921) observed that the entire nebula was
expanding. Also in the same year Knut Lundmark proposed a connection between
the Crab Nebula and the 1054 supernova (Lundmark 1921). In 1942, Mayall &
Oort (1942) connected improved historical observations with a detailed study of the
historical record to unmistakably connect the Crab nebula to SN 1054.
Radio emission from the Crab nebula was first detected in 1949 (Bolton et al.
1949). The synchrotron hypothesis for the observed emission was first proposed by
Shklovskii (1953), and quickly confirmed by optical polarization observations (Dom-
brovsky 1954). X-rays from the object were first detected by Bowyer et al. (1964). As
was discussed in Section 2.2, the Crab pulsar was discovered in 1968. In the discovery
paper, the SN, PWN, NS connection was proposed (Staelin & Reifenstein 1968).
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Figure 2.10 The Orion plate from Bevis’ book Uranographia Britannica. The Crab
nebula can be found on the horn of Taurus the Bull on the top of the figure and the
source is marked by a cloudy symbol. This figure was reproduced from Ashworth
(1981).
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The synchrotron and IC model of the Crab nebula predicting observable VHE
emission was first proposed by Gould & Burbidge (1965), and improved in Rieke &
Weekes (1969) and Grindlay & Hoffman (1971). As was discussed in Section 2.2, γ-
rays from the Crab nebula were first observed by Nolan et al. (1993). VHE emission
from the Crab nebula by an Imaging air Cherenkov detector (IACT) was first observed
by Weekes et al. (1989).
PWNe are commonly observed to surround pulsars. Some of the famous PWNe
include Vela−X surrounding the Vela pulsar (first observed by Rishbeth 1958), 3C 58
(Slane et al. 2004), and MSH 15−52 (Seward & Harnden 1982). There are now over 50
sources identified as being PWNe both inside our galaxy and in the Large Magellanic
Cloud (LMC) Kaspi et al. (2006). In addition, many PWN have been detected at
VHE energies. As of April 2013, the TeVCat1 includes 31 VHE sources classified as
PWNe. We will discuss these VHE PWN in Chapter 8.
2.5 Sources Detected by Large Area Telescope
Figure 2.11 shows a map of the γ-ray sky observed by the LAT with two years of
data. One can clearly observed a strongly-structured anisotropic component of the
γ-ray emission coming from the galaxy. In addition, many individual sources of γ-rays
can be viewed. In Section 2.5.1, we discuss the Galactic diffuse and isotropic γ-ray
background. In Section 2.5.2, we discuss the second Fermi catalog (2FGL), a catalog
of point-like sources detected by the LAT. In Section 2.5.3, we discuss the second
Fermi pulsar catalog (2PC), a catalog of pulsars detected by the LAT. Finally, in
Section 2.5.4 we discuss PWNe detected by the LAT.
1TeVCat is a catalog of VHE sources compiled by the University of Chicago. It can be found at
http://tevcat.uchicago.edu.
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Figure 2.11 An Aitoff projection map of the γ-ray sky observed by the LAT with a 2
year exposure. This map is integrated in the energy range from 100 MeV to 10 GeV
in units of 10−7erg cm−2s−1sr−1. This figure is from Nolan et al. (2012).
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2.5.1 The Galactic Diffuse and Isotropic Gamma-ray Back-
ground
The structured Galactic diffuse γ-ray emission in our galaxy is caused by The inter-
action of cosmic-ray electrons and protons with the gas in our Milky Way (through
the pi0 and bremsstrahlung process) and with Galactic radiation fields (through the
IC process).
Much work has gone into theoretically modeling this diffuse γ-ray emission. The
most advanced theoretical model of the Galactic emission is GALPROP (Strong &
Moskalenko 1998; Moskalenko & Strong 2000). In addition, significant work has gone
into comparing these models to the observed γ-ray intensity distribution observed by
the LAT (Abdo et al. 2009b; Ackermann et al. 2012).
In addition to the Galactic diffuse background, the LAT observes an isotropic
component to the γ-ray distribution. This emission is believed to be a composite
of unresolved extragalactic point-like sources as well as a residual charged-particle
background. Abdo et al. (2010d) presents detailed measurements of the isotropic
background observed by the LAT.
The GALPROP predictions for the γ-ray background are not accurate enough for the
analysis of point-like and ∼ 1◦ large extended sources. Therefore, an improved data-
driven model of the Galactic diffuse background has been devised where components
of the GALPROP model are fit to the observed γ-ray emission. This data-driven model
is described in Nolan et al. (2012).
2.5.2 The Second Fermi Catalog
Using 2 years of observations, the LAT collaboration produced a list of 1873 γ-ray-
emitting sources detected in the 100 MeV to 100 GeV energy range (Nolan et al.
2012). Primarily, the catalog assumed sources to be point like. But twelve previously-
published sources were included as being spatially extended with the spatial model
taken from prior publications.
Of these 1873 sources, 127 were firmly identified with a multiwavelength counter-
part. A source is only firmly identified if it meets one of three criteria. First, it can
CHAPTER 2. GAMMA-RAY ASTROPHYSICS 19
have periodic variability (pulsars and high-mass binaries). Second, it could have a
matching spatial morphology (SNRs and PWNe). Finally, it could have correlated
variability (active galactic nucleus (AGN)). In total, 2FGL firmly identified 83 pul-
sars, 28 AGNs, 6 SNRs, 4 high-mass binaries (HMBs), 3 PWNe, 2 normal galaxies,
and one nova Nolan et al. (2012).
In addition, 1171 sources are included in the looser criteria that they were poten-
tially associated with a multiwavelength counterpart. Using this criteria, 86 sources
are associated with pulsars, 25 with PWNe, 98 with SNRs, and 162 were flagged
as being potentially spurious due to residuals included by incorrectly modeling the
galactic diffuse emission.
2.5.3 The Second Fermi Pulsar Catalog
Using 3 years of data, the LAT collaboration produced the second Fermi pulsar
catalog (2PC), a list of 117 pulsars significantly detected by the LAT (Abdo et al.
in prep). Typically, a LAT-detected pulsar is first detected at either radio or X-
ray energies. This method was used to discover 61 of the γ-ray emitting pulsars.
But some pulsars are known to emit only γ-rays. These sources can be searched for
blindly using γ-ray data. This method was used to detect 36 pulsars. Finally, in
the third method, the positions of unidentified LAT sources which could potentially
be associated with pulsars. These regions are often searched for in radio to look for
pulsar emission. This method has lead to the detection of 20 new millisecond pulsars
(MSPs). In total 2PC detected 42 radio-loud pulsars, 35 radio-quiet pulsars, and 40
γ-ray MSPs.
2.5.4 Pulsar Wind Nebulae Detected by Large Area Tele-
scope
In addition to detecting over 100 pulsars, the LAT has detected several PWNe. In
situations where the PWNe has an associated LAT-detected pulsar, typically the
spectral analysis of the PWN is performed during times in the pulsar phase where
the pulsar emission is at a minimum. For some pulsars, such as HESS J1825−137,
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there is no associated LAT-detected pulsar and the spectral analysis can be performed
without cutting on pulsar phase.
Crab
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Figure 9. Spectral energy distribution of the Crab Nebula from soft to very high energy γ -rays. The Whipple spectrum above 500 GeV (Hillas et al. 1998) is also
consistent with these measurements. The fit of the synchrotron component, using COMPTEL and LAT data (blue dashed line), is overlaid. The predicted IC spectra
from Atoyan & Aharonian (1996) are overlaid for three different values of the mean magnetic field: 100 µG (solid red line), 200 µG (dashed green line), and the
canonical equipartition field of the Crab Nebula 300 µG (dotted blue line). References: CGRO COMPTEL and EGRET, Kuiper et al. 2001; MAGIC, Albert et al.
2008; HESS, Aharonian et al. 2006; CANGAROO, Tanimori et al. 1998; VERITAS, Celik 2007; HEGRA, Aharonian et al. 2004; CELESTE, Smith et al. 2006.
No cut-off energy can be estimated for the synchrotron
component using the LAT data only. The IC rising edge
studied in the LAT energy range extends nicely up to
the energy domain covered by Cherenkov experiments.
No significant cut-off at high energy is observed with the
current statistics in the LAT energy range. No significant
variation in either the synchrotron or Compton components
is seen with the current statistics on timescales of 1, 2,
or 4 months.
3. The phase-averaged γ -ray spectrum of the Crab Pulsar can
be represented by a power law with an exponential cut-
off at Ec = (5.8 ± 0.5 ± 1.2) GeV. The hyper-exponential
cut-off index b = (0.89± 0.12± 0.28) is not significantly
favored with respect to the simple exponential b = 1. If
only statistical errors are included, b = 2 is rejected at
4.9σ level. Using the observed cut-off energy to estimate
the minimum emission height r of the emission region, one
obtains r > 3.4 R∗, which precludes emission near the
stellar surface.
4. The pulsar emission is hardest in the phase interval between
the peaks, usually called the “bridge,” while the softest
components is the falling edge of the second peak. Both
peaks present similar spectral indices, while the cut-off of
P1 is lower than P2, consistent with the energy dependence
of the pulse profiles and of the ratio P1/P2.
5. Knowing the Earth viewing angle ζ ∼ 63◦ and the value of
the inclination angle α comprised between 55◦ and 60◦ for
SG models and∼ 70◦ for the OG, one can estimate a pulsed
high-energy γ -ray efficiency of ∼ 0.1% for the conversion
of the spin-down energy to γ -ray emission.
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Figure 2. 2 The spectral ene gy distributio (SED) of the Crab nebula observe by
the LAT as well as several other instruments. This figure is from Abdo et al. (2010e).
Observations of the Crab nebula by the LAT provided detailed spectral resolution
of Crab’s spectrum Abdo et al. (2010e). The Crab nebula shows a very strong spectral
bre k in the LAT energy and, and he γ-ray emission is nterpreted as being the
combination of a synchrotron component at low energy and an IC component at high
energy.
In d ition, γ-ray emission from the Crab nebul has been observed to be vari-
ability in time and have flaring periods (Abdo et al. 2011a). The Crab was observed
to have an extreme flare in 2011 (Buehler et al. 2012). This variability is challenging
to und stand given conventional mo els of PWN emission.
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Fig. 5.— Spectral energy distribution of regions within Vela-X from radio to very high energy
gamma-rays. Upper panel: Emission from the low energy electron population (halo). WMAP and
GeV gamma-ray points (this paper) are for the large radio-bright portion of Vela-X. The ROSAT
upper limit (this paper) on the soft X-ray flux of this region is also shown by an arrow. The Comp-
ton components from scattering on the CMB (magenta long dashed line), dust emission (magenta
dashed line) and starlight (magenta dotted line) are shown. Lower panel: Synchrotron and Comp-
ton emission from the high energy electron population (cocoon). X-ray (ASCA observations, this
paper) and very high energy gamma-ray (Aharonian et al. 2006) points are also from the cocoon
region. Only CMB (cyan long dashed line) and dust (cyan dashed line) scattered flux is shown as
the starlight is Klein-Nishina suppressed.
Figure 2.13 The SED of Vela−X observed at radio, x-ray, γ-ray, and VHE energies.
The emission was suggested by (Abdo et al. 2010) to be driven by two pollutions of
electrons. In this model, the lower-energy electron population powers the radio and
γ-ray emission adn the higher-energy electron population powers the x-ray and VHE
emission. This figure is from Abdo et al. (2010).
CHAPTER 2. GAMMA-RAY ASTROPHYSICS 22
Vela−X
Vela−X is a PWN powered by the Vela pulsar. It was first observed by Rishbeth
(1958). It was observed at VHE energies by Aharonian et al. (2006d) and at GeV
energies by AGILE (Pellizzoni et al. 2010). The detailed multiwavelength spectra of
Vela−X is plotted in Figure 2.13. Based upon the morphological and spectral dis-
connect between the GeV and TeV emission, (Abdo et al. 2010) argued that emission
was not consistent with a single population of accelerated electrons. They suggested
instead that the emission comes instead from two populations of electrons.
MSH 15−52
SNR (MSH 15−52 Caswell et al. 1981) is commonly associated with PSR B1509−58
(Seward & Harnden 1982). A diffuse nebula was observed surrounding the pulsar
(Seward & Harnden 1982), adn interpreted as an PWN Trussoni et al. (1996). The
PWN was detected at VHE energies by Aharonian et al. (2005a) and at GeV energies
by Abdo et al. (2010a)
HESS J1825−137
HESS J1825−137 is an extended (∼ 0.◦5) VHE sources first detected during the the
High Energy Stereoscopic System (H.E.S.S.) survey of the inner galaxy (Aharonian
et al. 2006e). It was interpreted by Aharonian et al. (2005c) as being a PWN powered
by PSR J1826−1334 (also known as PSR B1823−13, Clifton et al. 1992). Surrounding
the pulsar is a diffuse ∼ 5′ nebula (Finley et al. 1996). The large size difference can
be understood in terms of the different lifetimes for the synchrotron-emitting and
IC-emitting electrons (Aharonian et al. 2006e).
This source was subsequently detected by Grondin et al. (2011) at GeV ener-
gies. Interestingly, the VHE emission from HESS J1825−137 was observed to have an
energy-dependent morphology, with the size decreasing with increasing energy (Aha-
ronian et al. 2006c). This can be explained by the IC emission model if the electron
injection decreases with time.
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HESS J1640−465
The VHE source HESS J1640−465 (Aharonian et al. 2006e) is spatially-coincident
with SNR G338.3−0.0 (Shaver & Goss 1970). X-ray observations by XMM-Newton
uncovered a spatially-coincident X-ray nebula and within it a point-like source Funk
et al. (2007). This point-like source is believed to be a neutron star powering the
PWN, but pulsations have not yet been detected from it. Slane et al. (2010) discovered
an associated GeV source.
HESS J1857+026
HESS J1857+026 was also discovered by H.E.S.S. (Aharonian et al. 2008c) Hessels
et al. (2008) suggested that HESS J1857+026 is a PWN powered by PSR J1856+
0245. HESS J1857+026 was also detected by the LAT.
HESS J1023−575
The VHE source HESS J1023−575 was discovered in the region of the young stellar
cluster Westerlund 2 Aharonian et al. (2007a). This same source was subsequently
detected by the LAT in the off-peak region surrounding PSR J1023−5746 (Ackermann
et al. 2011a). H.E.S.S. Collaboration et al. (2011e) proposed that the emission could
either be due to an PWNe or due to hadronic interactions of cosmic rays accelerated
in the open stellar cluster interacting with molecular clouds.
2.6 Radiation Processes in Gamma-ray Astrophysics
Nonthermal radiation observed from astrophysical sources is typically believed to
originate in through synchrotron radiation, IC upscattering, and the decay of neutral
pi0 particles. We will discuss these processes in Section 2.6.1, Section 2.6.2, and
Section 2.6.3 respectively.
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Here u T = 8 r r i / 3  is the Thomson cross section, and U, is the magnetic 
energy density, U, = B 2 / 8 n .  
6.2 SPECTRUM OF SYNCHROTRON RADIATION: 
A QUALITATIVE DISCUSSION 
The spectrum of synchrotron radiation must be related to the detailed 
variation of the electric field as seen by an observer. Because of beaming 
effects the emitted radiation fields appear to be concentrated in a narrow 
set of directions about the particle’s velocity. Since the velocity and 
acceleration are perpendicular, the appropriate diagram is like the one in 
Fig. 4.1 Id. 
The observer will see a pulse of radiation confined to a time interval 
much smaller than the gyration period. The spectrum will thus be spread 
over a much broader region than one of order we/2r .  This is an essential 
feature of synchrotron radiation. 
We can find orders of magnitude by reference to Fig. 6.2. The observer 
will see the pulse from points 1 and 2 along the particle’s path, where these 
points are such that the cone of emission of angular width -l/y includes 
Figure 2.14 In synchrotron radiation, charged particles spiral along magnetic filed
lines, radiating photons as they accelerate. This figure is from Rybicki & Lightman
(1979).
2.6.1 Synchrotron
The synchrotron radiation processes is observed when charged particles spiral around
magnetic field lines. This process is illustrated in Figure 2.14. This emission is
discussed thoroughly in Blumenthal & Gould (1970) and Rybicki & Lightman (1979).
In what follows, we adopt the notation from Houck & Allen (2006).
A charged particle of mass m and charge q in a magnetic field of strength B will
experience an electromagnetic force:
d
dt
(γmv) =
q
c
v×B. (2.1)
This force will ca se a p rticl t accelerate around the magnetic field lines, radiating
due to maxwell’s equations. The power emitted at a frequency ν by one of these
particles is
Pemitted(ν) =
√
3q3B sinα
mc2
F (ν/νc), (2.2)
where α is the angle between the particle’s velocity vector and the magnetic field
vector. Here,
F (x) ≡ x
∫ ∞
x
K5
3
(ξ)dξ, (2.3)
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and
νc =
3qBγ2
4pimc
sinα ≡ ν0γ2 sinα (2.4)
Because power is inversely-proportional to mass, synchrotron radiation is predom-
inatly from electrons.
Now, we assume a population of particles and compute the total observed emission.
We say that N(p, α) is the number of particles per unit momentum and solid angle
with a momentum p and pitch angle α. We find the total power emitted by integrating
over particle momentum and distribution
dW
dt
=
∫
dp
∫
d~ΩPemitted(ν)N(p, α) (2.5)
If we assume the pitch angles of the particles to be isotropically distributed and,
including Equation 2.2, we find that the number of photons emitted per unit energy
and time is
dN
dωdt
=
√
3q3B
hmec2ω
∫
dpN(p)R
(
ω
ω0γ2
)
(2.6)
where
R(x) ≡ 1
2
∫ pi
0
dα sin2 αF
( x
sinα
)
(2.7)
It is typical in astrophysics to assume a a power-law distribution of electrons:
N(p)dp = κp−γdp. (2.8)
For a power-law distribution of photons integrated over pitch angle, we find the total
power emitted to me
Ptot(ω) ∝ κB(p+1)/2ω−(p−1)/2. (2.9)
See, Rybicki & Lightman (1979) or Longair (2011) for a full derivation. This shows
that, assuming a power-law electron distribution, the electron spectral index can be
related to the photon spectral index.
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2.6.2 Inverse Compton
Normal Compton scattering involves a photon colliding with a free electron and
transferring energy to it. In IC scattering, a high-energy electron interacts with a
low-energy photon imparting energy to it. This process occurs when highly-energetic
electrons interact with a dense photon field.
The derivation of IC emission requires a quantum electrodynamical treatment. It
was first derived by Klein & Nishina (1929). In what follows, we follow the notational
convention of Houck & Allen (2006). We assume a population of relativistic (γ  1)
electrons written as N(p) which is contained inside isotropic photon distribution with
number density n(ωi).
The distribution of photons emitted by IC scatter is written as
dN
dωdt
= c
∫
dωin(ωi)
∫ ∞
pmin
dpN(p)σKN(γ, ωi, ω) (2.10)
where ω is the outgoing photon energy written in units of the electron rest mass
energy, ω ≡ hν/(mec2), and σKN is the Klein-Nishina cross section:
σKN(γ, ωi, ω) =
2pir20
ωiγ2
[
1 + q − 2q2 + 2q ln q + τ
2q2(1− q)
2(1 + τq)
.
]
(2.11)
Here,
q ≡ ω
4ωiγ(γ − ω) , (2.12)
τ ≡ 4ωiγ, and r0 = e2/(mec2) is the classical electron radius. The threshold electron
Lorentz factor is
γmin =
1
2
(
ω +
√
ω2 +
ω
ωi
)
(2.13)
Often, IC emission happens when an accelerated power-law distribution of elec-
trons interacts with a thermal photon distribution
n(ωi) =
1
pi2λ3
ω2i
eωi/Θ − 1 (2.14)
where λ = ~/(mec) and Θ = kT/(mec2). Often, the target photon distribution is the
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cosmic microwave background (CMB), with T = 2.725 K.
2.6.3 Bremsstrahlung
Bremsstrahlung radiation is composed of electron-electron and electron-ion interac-
tions. In either case, we assume a differential spectrum of accelerated electrons Ne(E)
that interacts with a target density of electrons (ne) or ions (nZ).
dN
dEdt
= ne
∫
dENe(E)ve
dσee
dE
+ nZ
∫
dENe(E)ve
dσeZ
dE
(2.15)
Here, ve is the velocity of the electron, and σee and σeZ are the electron-electron
and electron-ion cross sections. The actual formulas for dσee/dE and dσeZ/dE are
quite involved. The electron-electron cross section was worked out in Haug (1975).
The electron-ion cross section is called the Bethe-Heitler cross-section and is worked
out in the Born approximation in Heitler (1954) and Koch & Motz (1959). A more
accurate relativistic correction to this formula is given in Haug (1997). We refer to
Houck & Allen (2006) for a detailed numerical implementation of these formulas.
2.6.4 Pion Decay
Neutral pi0 decay occurs when highly-energetic protons interact with thermal protons.
This emission happens when protons decay into neutral pions through pp→ pi0 +X
and the pi0 subsequently decay through pi0 → 2γ. The gamma-ray emission from
neutral pion decay can be computed as
dN
dEdt
= nH
∫
dEvpNp(E)
dσpp
dE
(2.16)
Here, Np(E) is the differential proton distribution, dσpp/dE is γ-ray cross section from
proton-proton interactions, and nH is the target hydrogen density. The computation
of dσpp/dE is rather involved. Typically, people employ a parameterization of the
calculations performed by Kamae et al. (2006).
Chapter 3
The Pulsar/Pulsar Wind Nebula
System
3.1 Neutron Star Formation
As was discussed in Section 2.4, pulsars, PWNe, and supernova remnants are all
connected through the death of a star. When a star undergoes a supernova, the
ejecta forms a supernova remnant. If the remaining stellar core has a mass above the
Chandrasekhar limit, then the core’s electron degeneracy pressure cannot counteract
the core’s gravitational force and the core will collapse into a NS. The Chandrasekhar
mass limit can be approximated as (Chandrasekhar 1931)
MCh ≈ 3
√
2pi
8
(
~c
G
)3/2 [(
Z
A
)
1
m2H
]
, (3.1)
where ~ is the reduced Planck constant, c is the speed of light, G is the gravitational
constant, mH is the mass of hydrogen, Z is the number of protons, A is the number of
nucleons, and M is the mass of the sun (Carroll & Ostlie 2006). When this formula
is computed more exactly, one finds MCh = 1.44M.
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Because NSs are supported by neutron degeneracy pressure, the radius of a neu-
tron star can be approximated as (Carroll & Ostlie 2006)
Rns ≈ (18pi)
2/3
10
~2
GM
1/3
ns
(
1
mH
)8/3
. (3.2)
The canonical radius for NSs is ∼ 10 km.
In these very dense environments, the protons and electrons in the NS form into
neutrons through inverse β decay:
p+ + e− → n+ νe. (3.3)
If a NS had a sufficiency large mass, the gravitational force would overpower the
neutron degeneracy pressure and the object would collapse into a black hole. The
maximum mass of a NS is unknown because it depends on the equation of state inside
the star, but is commonly predicted to be ∼ 2.5M Recently, a pulsar with a mass of
∼ 2M was discovered (Demorest et al. 2010), constraining theories of the equation
of state.
In addition to rotationally-powered pulsars, the primary class of observed pulsars,
there are two additional classes of pulsars with a different emission mechanism. For
accretion-powered pulsars, also called X-ray pulsars, the emission energy comes from
the accretion of matter from a donor star (Caballero & Wilms 2012). They are bright
and populous at X-ray energies. Magnetars have the strong magnetic field which
power their emission Rea & Esposito (2011).
3.2 Pulsar Evolution
The simplest model of a pulsar is that it is a rotating dipole magnet with the rotation
axis and the magnetic axis offset by an angle θ (see Figure 3.1). The energy output
from the pulsar is assumed to come from rotational kinetic energy stored in the
neutron star which is released as the pulsar spins down.
For a pulsar, both the period P and the period derivative P˙ = dP/dt can be
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Figure 3.1 The rotating dipole model of a pulsar. This figure is taken from (Carroll
& Ostlie 2006).
directly observed. Except in a few MSPs which are being sped up through accretion
(see for example Falanga et al. 2005)), pulsars are slowing down (P˙ < 0). We write
the rotational kinetic energy as
Erot =
1
2
IΩ2 (3.4)
where Ω = 2pi/P is the angular frequency of the pulsar and I is the moment of inertia.
For a uniform sphere,
I =
2
5
MR2. (3.5)
Assuming a canonical pulsar (see Section 3.1), we find a canonical moment of inertia
of I = 1045 g cm−2.
We make the connection between the pulsar’s spin-down energy and the rotational
kinetic energy as E˙ = −dErot/dt. Equation 3.4 can be rewritten as
E˙ = IΩΩ˙. (3.6)
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It is believed that as the pulsar spins down, the this rotational energy is released
as pulsed electromagnetic radiation and also as a wind of electrons and positrons
accelerated in the magnetic field of the pulsar.
If the pulsar were a pure dipole magnet, its radiation would be described as (Gunn
& Ostriker 1969)
E˙ =
2B2R6NSΩ
4 sin2 θ
3c3
. (3.7)
Combining equations Equation 3.6 and Equation 3.7, we find that for a pure dipole
magnet,
Ω˙ ∝ Ω3. (3.8)
In the few situations where this relationship has been conclusively measured, this
relationship does not hold (See Espinoza et al. 2011, and references therein). We
generalize Equation 3.8 as:
Ω˙ ∝ Ωn (3.9)
where n is what we call the breaking index. We solve Equation 3.9 for n by taking
the derivative:
n =
ΩΩ¨
Ω˙2
(3.10)
The breaking index is hard to measure due to timing noise and glitches in the
pulsar’s phase. To this date, it has been measured in eight pulsars Espinoza et al.
(2011), and in all situations n < 3. This suggests that there are additional processes
besides magnetic dipole radiation that contribute to the energy release (Blandford &
Romani 1988).
Equation 3.9 is a Bernoulli differential equation which can be integrated to solve
for time:
T =
P
(n− 1)|P˙ |
(
1−
(
P0
P
)(n−1))
(3.11)
For a canonical n = 3 pulsars which is relatively old P0  P , we obtain what is called
the characteristic age of the pulsar:
τc = P/2P˙ . (3.12)
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Using Equation 3.6 and Equation 3.8, we can solve for the spin-down evolution of
the pulsar as a function of time (Pacini & Salvati 1973):
E˙(t) = E˙0
(
1 +
t
τdec
)− (n+1)
(n−1)
. (3.13)
Here,
τdec ≡ P0
(n− 1)|P˙0|
. (3.14)
Equation 3.6, Equation 3.11, and Equation 3.13 show us that given the current
period, period derivative, and breaking index, we can calculate the pulsar’s age and
energy-emission history.
In a few situations, the pulsar’s age is well known and the breaking index can
be measured, so P0 can be inferred. See Kaspi & Helfand (2002) for a review of the
topic. For other sources, attempts have been made to infer the initial spin-down age
based on the dynamics of an associated SNR/PWN (van der Swaluw & Wu 2001).
Finally, if we assume dipole radiation is the only source of energy release, we can
combine equation Equation 3.6 and Equation 3.7 to solve for the magnetic field:
B =
√
3Ic3
8pi2R6NS sin
2 θ
P P˙ = 3.2× 1019
√
PP˙ G (3.15)
where in the last step we assumed the canonical values of I = 1045 g cm−2, RNS =
10 km, θ = 90◦, and we assume that P is measured in units of seconds. For example,
for the Crab nebula, P ≈ 33 ms (Staelin & Reifenstein 1968) and P˙ ≈ 36 ns per day
(Richards & Comella 1969) so B ≈ 1012 G.
3.3 Pulsar Magnetosphere
The basic picture of a pulsar magnetosphere was first presented in Goldreich & Julian
(1969). The magnetic dipole of the rotating NS creates a quadrupole electric field.
CHAPTER 3. THE PULSAR/PULSAR WIND NEBULA SYSTEM 33
The potential generated by this field is given as (Goldreich & Julian 1969):
∆Φ =
BΩ2R2NS
2c2
≈ 6× 1012
(
B
1012 G
)(
RNS
10 km
)3(
P
1 s
)
. (3.16)
For NSs, this potential produces a magnetic field that is much larger than the gravi-
tational force and acts as a powerful particle accelerators.
Pulsars typically release only a small percent of their overall energy budget as
pulsed emission. The efficiency of converting spin-down energy into pulsed γ−rays
is typically ∼ 0.1% to 10% (Abdo et al. 2010e). For example, the Crab nebulae
is estimated to release 0.1% of it’s spin-down energy as pulsed γ-rays (Abdo et al.
2010e). Typically, the energy released as radio and optical photons is much less. The
optical flux of the Crab is a factor of ∼ 100 smaller (Cocke et al. 1969) and the radio
flux is a factor of ∼ 104 smaller. Therefore, the vast majority of the energy output
of the pulsar is carried away as a pulsar wind, which will be described in the next
section.
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Figure 3.2 The magnetosphere for a rotating pulsar. The pulsar is on the bottom left
of the plot. This figure is from Goldreich & Julian (1969).
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Figure 3.2 shows a schematic diagram of this magnetosphere. It is commonly be-
lieved that the radio emission from pulsars originates within 10% of the light cylinder
radius (see Kijak & Gil 2003, and references therein)
On the other hand, there is still much debate about the location of the γ-ray
emission. Three locations have been proposed. In the polar cap (PC) model, the
γ-ray emission arises from within one stellar radius (Daugherty & Harding 1996).
This model was disfavored based upon the predicted γ-ray spectrum (Abdo et al.
2009c). In the outer gap (OG) model, γ-ray emission is predicted near the pulsar’s
light cylinder (Cheng et al. 1986; Romani 1996). Finally, in the two pole caustic
(TPC) model, the γ-ray emission comes from an intermediate region in the pulsar
magnetosphere (Dyks & Rudak 2003; Muslimov & Harding 2004) Much work has gone
into comparing the TPC and OG models in the context of detailed LAT observations
of γ-ray pulsars (See for example Watters & Romani 2011; Romani et al. 2011).
3.4 Pulsar Wind Nebulae Structure
The basic picture of PWNe comes from Rees & Gunn (1974) and Kennel & Coroniti
(1984b). More sophisticated models have emerged over the years. See, for example,
Gelfand et al. (2009) and references therein.
The wind ejected from the pulsar’s magnetosphere is initially cold which means
that it flows radially out from the pulsar. This unshocked pulsar wind only emits
radiation through IC scattering (Bogovalov & Aharonian 2000). This pulsar wind
forms a bubble as it presses into the SNR and forms a termination shock where the
particle wind is further accelerated.
As the wind leaves the magnetosphere, it is believed to be dominated by the
energy carried off in electromagnetic fields (the pointing flux FE×B). The rest of the
energy is released as a particle flux (Fparticle). We define the magnetization of the
pulsar wind as
σ =
FE×B
Fparticle
(3.17)
Outside the pulsar light curve, typically σ > 104, but at the termination shock typical
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values for σ are . 0.01 (Kennel & Coroniti 1984a). The cause of this transition is
uncertain (Gaensler & Slane 2006).
The radius of the bubble (rts) can be computed as the radius where the ram
pressure from the wind equals the pressure of the gas in the SNR. The ram pressure
is computed as the energy in the bubble E˙rts/c (assuming the particles travel with a
velocity ≈ c) divided by the volume 4pir3ts/3:
rts =
√
E˙
4
3
piPISMc
. (3.18)
Here, PISM is the pressure in the SNR. Typical values for the termination shock are
0.1 pc which is an angular size ∼ second of arc (arcsec) for distances ∼ kpc (Gaensler
& Slane 2006).
At the termination shock, the particles are thermalized (given a random pitch
angle), and accelerated to energies of 1015 eV (Arons 1996). Downstream of the shock,
the particles emit synchrotron and IC radiation as the thermalized electron population
interacts with the magnetic filed and seed photons (Gaensler & Slane 2006). Figure 3.3
shows a diagram describing the pulsar magnetosphere, the unshocked wind, and the
synchrotron nebula which make up the Pulsar/PWN system.
3.5 Pulsar Wind Nebula Emission
In a PWNe, accelerated electrons emit radiation across the electromagnetic spectrum
through synchrotron and IC emission. Typical photon energies for synchrotron and
IC emission from PWNe are ∼ 1keV and ∼ 1TeV respectively. A typical magnetic
field strength is ∼ 10µG.
Using Equation 2.4, we can show that photons with an energy EkeV in a magnetic
field of strength B radiate electrons with a typical energy of Ee given by
Ee ≈ 70 TeVB−1/2−5 E1/2keV, (3.19)
where the magnetic field is B = 10−5B−5G and EkeV is written in units of keV (de
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Fig. 2. Sketch of the sites and radiation mechanisms of nonthermal emission asso-
ciated with rotation powered pulsars: (i) the region within the light cylinder where
the magnetospheric pulsed radiation from radio to γ-rays is produced; (ii) the part
of the wind of cold relativistic plasma close to the light cylinder which effectively
emits GeV and TeV γ-rays through the IC mechanism; (iii) the surrounding syn-
chrotron nebula (plerion) which emits broad-band electromagnetic radiation from
radio to multi-TeV γ-rays through the synchrotron and IC channels.
electromagnetic emission in a wide electromagnetic band. Gamma-rays from
these regions carry crucial information about the pulsar and its interaction
with the surrounding medium.
The brightness temperature of the pulsed radio emission is of the order of
11
Figure 3.3 The regions of emission in a pulsar/PWN system. This figure shows (top)
the pulsar’s magnetosphere, (middle), the unshocked pulsar wind and (bottom) the
shocked pulsar wind which can be observed as the PWN. “R”, “O”, “X”, and “γ”
describe sites of radio, optical, X-ray, and γ-ray emission respectively. “CR”, “Sy”,
and “IC” refer to regions of curvature, inverse Compton, and synchrotron emission.
Figure is taken from Aharonian & Bogovalov (2003).
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Jager & Djannati-Ata¨ı 2009).
Similarly, if we assume the PWN IC emission is due to scattering off the CMB,
the electron energy which will produce characteristic TeV γ-rays is:
Ee ≈ 20 TeVE1/2TeV (3.20)
where ETeV is the scattered photon energy in units of TeV (de Jager & Djannati-Ata¨ı
2009). This shows that for a typical PWN, ∼ 70 TeV electrons power the synchrotron
emission and ∼ 20 TeV electrons power the IC emission.
Similarly, we can write down the lifetime of electrons due to synchrotron and IC
emission. We define the lifetime as τ = E/E˙ and, using Rybicki & Lightman (1979):
τ(Ee) =
(
4
3
σT c(UB + Uph)Ee/m
2
ec
4
)−1
(3.21)
where UB = B
2/8pi is the magnetic field energy density and Uph is the energy density
of the photon field (Uph = 0.25 eV cm
−3 for the CMB radiation field). If B > 3µG,
the synchrotron radiation dominates the cooling (UB > Uph).
For synchrotron-emitting electrons, the cooling time is
τsync = (1.2 kyr)B
−3/2
−5 E
−1/2
keV . (3.22)
For IC-scattering electrons, the cooling time (in the Thomson limit) is
τIC = (4.8kyr)B
−2
−5E
−1/2
TeV . (3.23)
From this, we see that the typical timescale for cooling of synchrotron-emitting elec-
trons (1 kyr) is much shorter than the timescale for cooling of IC-emitting electrons
(5kyr). Because of this, the IC-emitting electrons have a longer time to diffuse away
from the pulsar. For older PWN, we therefore expected the observed VHE emission to
be larger than the observed X-ray emission. This has been observed in many PWNe
such as HESS J1825−137 (Aharonian et al. 2006e) and in can also make identification
of VHE sources as PWN difficult.
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We also note that Equation 3.23 predicts that the timescale of IC-emitting elec-
trons scales with inverse square root of the emitted photon energy. This leads to the
prediction that the size of the VHE γ-ray emission should decrease with increasing
energy. This has been observed for HESS J1825−137 (Aharonian et al. 2006c).
Finally, we mention that Mattana et al. (2009) discussed the relationship between
the X-ray and γ-ray luminosity as a function of the pulsar spin-down energy E˙ and
age τc. The time integral of Equation 3.13 can be used to compute the total number
of particles that emit synchrotron and IC photons.
Most γ-ray-emitting PWN are connected to pulsars with a characteristic age τc ∼
1− 20 kyr. So for most PWN:
τsync < τc < τIC (3.24)
Therefore, for synchrotron emission the number of synchrotron-emitting particles
nsync goes as
nsync ≈ E˙(τc)τsync ∼ E˙0τ−2c (3.25)
where in the last step we have assumed a pure dipole magnetic field (n = 3) and used
Equation 3.13.
On the other hand, the number of IC-emitting particles nIC is approximately
independent of time because τc  τdec. Furthermore, Mattana et al. (2009) argues
that nIC should be independent of E˙ because it more-strongly depends on other
environmental factors. Combining these relations, Mattana et al. (2009) proposes
LIC/Lsync ≈ nIC/nsync ∝ τ 2c ∝ E˙−1 (3.26)
Mattana et al. (2009) observed empirically for VHE sources that LIC/Lsync ∝ τ 2.2c and
LIC/Lsync ∝ E˙−1.9. This is qualitatively consistent with the simple picture described
above. We will compare these simple scaling relations with LAT observations in
Chapter 9
Chapter 4
Maximum-likelihood Analysis of
LAT Data
In this chapter, we discuss maximum-likelihood analysis, the primary analysis method
used to perform spectral and spatial analysis of LAT data. In Section 4.1, we discuss
the reasons necessary for employing this analysis procedure compared to simpler
analysis methods. In Section 4.2, we describe the benefits of a maximum-likelihood
analysis. In Section 4.3, we discuss the steps invovled in defining a complete model
of the sky, a necessary part of any likelihood analysis.
In Section 4.5, we discuss the standard implementation of binned maximum like-
lihood in the LAT Science Tools and in particular the tool gtlike. In Section 4.6,
we then discuss the pointlike pacakge, an alterate package for maximum-likelihood
analysis of LAT data. In the next chapter (Chapter 5), we functionality written into
pointlike for studying spatially-extended sources. That much of the notation and
formulation of likelihood analysis in this chapter follows Kerr (2010).
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4.1 Motivations for Maximum-Likelihood Analy-
sis of Gamma-ray Data
Traditionally, spectral and spatial analysis of astrophysical data relies on a process
known as aperture photometry. This process is done by measuring the counts within
a given radius of the source and subtracting from it a background level estimated
from a nearby region. Often, the source’s flux is calibrated by measurements of
nearby objects with known fluxes. Otherwise, the flux can be obtained by dividing
the number of source counts by the telescope’s size, the observation time, and the
telescope’s conversion efficiency. The application of this method to VHE data is
described in Li & Ma (1983).
Unfortunately, this simpler analysis method is inadequate for dealing with the
complexities introduced in analyzing LAT data. Most importantly, aperture photom-
etry assumed that the background is isotropic so that the background level can be
estimated from nearby regions. As was discussed in Section 2.5.1, the Galactic diffuse
emission is highly anisotropic, rendering this assumption invalid.
In addition, this method is not optimal due to the high density of sources detected
in the γ-ray sky. 2FGL reported on the detection of 1873 sources, which corresponds
to an average source spacing of ∼ 5◦. But within the inner 45◦ of the galactic plane in
longitude and 0.5◦ of the galactic plane in latitude, there are 73 sources, corresponding
to a source density of ∼ 1 source per square degree. The aperture photometry method
is unable to effectively fit multiple sources when the tails of their PSFs overlap.
Finally, this method is suboptimal due to the large energy range of LAT observa-
tions. A typical spectral analysis studies a source in an energy from 100 MeV to above
100 GeV. As was shown in Section 2.3, the PSF of the LAT is rather broad (& 1◦) at
low energy and much narrower (∼ 0.1◦) at higher energies. Therefore, higher energy
photons coming from a source are much more sensitive, which is discarded by simple
aperture photometry methods.
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4.2 Description of Maximum-Likelihood Analysis
The field of γ-ray astrophysics has generally adopted maximum-likelihood analysis
to avoid the issues discussed in Section 4.1. The term likelihood was first introduced
by Fisher (1925). Maximum-likelihood was applied to astrophysical photon-counting
experiments by Cash (1979). Mattox et al. (1996) described the maximum-likelihood
analysis framework developed to analyze EGRET data.
In the formulation, one defines the likelihood, denoted L, as the probability of
obtaining the observed data given an assumed model:
L = P (data|model). (4.1)
Generally, a model of the sky is a function of a list of parameters that we denote as
λ. The likelihood function can be written as:
L = L(λ). (4.2)
In a maximum-likelihood analysis, one typically fits parameters of a model by maxi-
mizing the likelihood as a function of the parameters of the model.
λmax = arg max
λ
L(λ) (4.3)
Assuming that you have a good model for your data and that you understand the
distribution of the data, maximum-likelihood analysis can be used to very sensitively
test for new features in your model. This is because the likelihood function naturally
incorporates data with different significance levels.
Typically, a likelihood-ratio test (LRT) is used to determine the significance of a
new feature in a model. A common use case is searching for a new source or testing
for a spectral break. In a LRT, the likelihood under two hypothesis are compared. We
define H0 to be a background model and H1 to be a model including the background
and in addition a feature that is being tested for. Under the assumption that H0 is
nested within H1, we use Wilks’ theorem to compute the significance of the detection
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of this feature (Wilks 1938). We define the test statistic as
TS = 2 log(LH1/LH0) (4.4)
Here, LH0 and LH1 are the likelihoods maximized by varying all the parameters of
H0 and H1 respectively. According to Wilks’ theorem, if H1 has n additional degrees
of freedom compared to H0, if none of the additional parameters lie on the edge of
parameter space, and if the true data is distributed as H0, then the distribution of
TS should be
PDF(TS) = χ2n(TS) (4.5)
Therefore, if one obtains a particular value of TS, they can use this this chi-squared
distribution to determine the significance of the detection.
4.3 Defining a Model of the Sources in the Sky
In order to perform a maximum-likelihood analysis, one requires a parameterized
model of the sky. A model of the sky is composed of a set of γ-ray sources, each
characterized by its photon flux density F(E, t, ~Ω|λ). This represents the number
of photons emitted per unit energy, per unit time, per units solid angle at a given
energy, time, and position in the sky. In the Centimetre-Gram-Second System of
Units (CGS), it has units of ph cm−2s−1erg−1sr−1.
Often, the spatial and spectral part of the source model are separable and inde-
pendent of time. When that is the case, we like to write the source model as
F(E, t, ~Ω|λ) = dN
dE
× PDF(~Ω). (4.6)
Here, dN/dE is a function of energy and PDF (~Ω) is a function of position (~Ω). In
this formulation, some of the model parameters λ are taken by the dN/dE function
and some by the PDF(~Ω) function. In CGS, dN/dE has units of ph cm−2s−1erg−1.
The spectrum dN/dE is typically modeled by simple geometric functions. The
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most popular spectral model is a power law (PL):
dN
dE
= N0
(
E
E0
)−γ
(4.7)
Here, dN/dE is a function of energy and also of the two model parameters (the
prefactor N0 and the spectral index γ). The parameter E0 is often called the energy
scale or the pivot energy and is not fit to the data (sinde it is degenerate with N0).
Another common spectral model is the broken-power law (BPL):
dN
dE
= N0 ×
(E/Eb)−γ1 if E < Eb(E/Eb)−γ2 if E ≥ Eb. (4.8)
This model represents a PL with an index of γ1 which breaks at energy Eb to having
an index of γ2.
Finally, the exponentially-cutoff power law (ECPL) spectral model is often used
to model the γ-ray emission from pulsars:
dN
dE
= N0
(
E
E0
)−γ
exp
(
− E
Ec
)
. (4.9)
For energies much below Ec, the ECPL is a PL with spectral index γ. For energies
much larger than Ec, the ECPL spectrum exponentially decreases.
PDF represents the spatial distribution of the emission. It is traditionally nor-
malized as though it was a probability:∫
dΩ PDF(~Ω). (4.10)
Therefore, PDF has units of sr−1 For a point-like source at a position ~Ω′, the spatial
model is:
PDF(~Ω) = δ(~Ω− ~Ω′) (4.11)
and is a function of the position of the source (~Ω′). Example spatial models for
spatially-extended sources will be presented in Section 5.2.2.
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In some situations, the spatial and spectral part of a source do not nicely decouple.
An example of this could be a spatially-extended SNR or PWNe which show a spectral
variation across the source, or equivalently show an energy-dependent morphology.
Katsuta et al. (2012) and Hewitt et al. (2012) have avoided this issue by dividing the
extended source into multiple non-overlapping extended source templates which are
each allowed to have a different spectra.
4.4 The LAT Instrument Response Functions
The performance of the LAT is quantified by its effective area and its dispersion. The
effective area represents the collection area of the LAT and the dispersion represents
the probability of misreconstructing the true parameters of the incident γ-ray. The
effective area (E, t, ~Ω) is a function of energy, time, and solid angle (SA) and is
measured in units of cm2.
The dispersion is the probability of a photon with true energy E and incoming
direction ~Ω at time t being reconstructed to have an energy E ′, an incoming direction
~Ω′ at a time t′. The dispersion is written as P (E ′, t′, ~Ω′|E, t, ~Ω). It represents a
probability and is therefore normalized such that∫ ∫ ∫
dEdΩdtP (E ′, t′, ~Ω′|E, t, ~Ω) = 1 (4.12)
Therefore, P (E ′, t′, ~Ω′|E, t, ~Ω) has units of 1/energy/SA/time
The convolution of the model a source with the IRFs produces the expected dif-
ferential counts (counts per unit energy/time/SA) that are reconstructed to have an
energy E ′ at a position ~Ω′ and at a time t′:
τ(E ′, ~Ω′, t′|λ) =
∫ ∫ ∫
dE dΩ dtF(E, t, ~Ω|λ)(E, t, ~Ω)P (E ′, t′, ~Ω′|E, t, ~Ω) (4.13)
Here, this integral is performed over all energies, SAs, and times.
For LAT analysis, we conventionally make the simplifying assumption that the
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energy, spatial, and temporal dispersion decouple:
P (E ′, t′, ~Ω′|E, t, ~Ω) = PSF(~Ω′|E, ~Ω)Edisp(E ′|E)Tdisp(t′|t) (4.14)
Edisp represents the energy dispersion of the LAT. The energy dispersion is a function
of both the incident energy and angle of the photon. It varies from ∼ 5% to 20%,
degrading at lower energies due to energy losses in the tracker and at higher energy
due to electromagnetic shower losses outside the calorimeter. Similarly, it improves
for photons with higher incident angles which are allowed a longer path through the
calorimeter (Ackermann et al. 2012). Section 2.3.2 includes a plot of the Edisp of the
LAT.
PSF(~Ω′|E, ~Ω) is the probability of reconstructing a γ-ray to have a position ~Ω′ if
the true position of the γ-ray has a position ~Ω. For the LAT, the PSF is a strong
function of energy. Section 2.3.2 plots the PSF of the LAT.
Finally, we note that in principle, there is a finite timing resolution of γ-rays
measured by the LAT. But the timing accuracy is < 10µs (Atwood et al. 2009). Since
this is much less than the smallest timing signal which is expected to be observed by
the LAT (millisecond pulsars), issues with timing accuracy are typically ignored.
For a typical analysis of LAT data, we also ignore the inherent energy dispersion
of the LAT. Ackermann et al. (2012) performed a monte carlo simulation to show that
for power-law point-like sources, the bias introduced by ignoring energy dispersion
was on the level of a few percent. Therefore, the instrument response is typically
approximated as
R(E ′, ~Ω′, t′|E, ~Ω, ) = (E, t′, ~Ω)PSF(~Ω′|E, ~Ω) (4.15)
We caution that for analysis of sources extended to energies below 100 MeV, the
effects of energy dispersion are be more severe.
The differential count rate is typically integrated over time assuming that the
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source model is time independent:
τ(E ′, ~Ω′|λ) =
∫
dΩF(E ′, ~Ω|λ)
(∫
dt (E ′, t, ~Ω)
)
PSF(~Ω′|E, ~Ω) (4.16)
This equation says that the counts expected by the LAT from a given model is the
product of the source’s flux with the effective area and then convolved with the PSF.
Finally, we note that the PSF and effective area are also functions of the conversion
type of the γ-ray (front-entering or back-entering photons), and the azimuthal angle
of the γ-ray. Equation 4.16 can be generalized to include these effects.
4.5 Binned Maximum-Likelihood of LAT Data with
the Science Tools
We typically use a binned maximum-likelihood analysis to analyze LAT data. In this
analysis, γ-rays are binned in position and energy (and sometimes also separately
into front-entering and back-entering events). The likelihood function comes from
the Poisson nature of the observed emission:
L =
∏
j
θ
kj
j e
−θj
kj!
. (4.17)
Here, j refers to a sum over position and energy bins, kj are the counts observed in
bin j, and θj are the model counts predicted in the same bin.
The model counts in bin j are computed by integrating the differential model
counts over the bin:
θij =
∫
j
dE dΩ dt τ(E, ~Ω, t|λi). (4.18)
Here, j represents the integral over the jth position/energy bin, i represents the ith
source, λi refers to the parameters defining the ith source, and τ(E, ~Ω, t|λi) is defined
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in Equation 4.13. The total model counts is computed by summing over all sources:
θj =
∑
i
θij (4.19)
In most situations, it is more convenient to work with the log of the likelihood
because the log of the likelihood varies more slowly. In addition, typically a statis-
tical analysis requires either maximizing the likelihood or looking at a change in the
likelihood, which is arbitrary except for an overall additive constant. So we typically
write the log of the likelihood as
logL = −
∑
j
θj +
∑
j
kj log θj (4.20)
where we have dropped the arbitrary additive constant − log kj!.
In the standard Fermi science tools, gtbin can be used to perform basic cuts on
the γ-ray photon list. The binning of photons over position in the sky and energy
is performed with gtbin. The tools required to compute exposure are gtltcube
and gtexpcube2. Finally, the likelihood itself is computed with a combination of
gtsrcmaps and gtlike. Essentially, gtsrcmaps is used to perform the two-dimensional
convolution integral in equation Equation 4.16 and gtlike is used to compute the
likelihood function defined in equation Equation 4.20.
As we discussed in Section 4.2, we typically use LRTs to test for significant features
in the γ-ray data. For example, we compare a model with and without a source of
interest to test if that source is significant. Mattox et al. (1996) shows that for
EGRET data, assuming the position of the source was known and that the spectral
shape was fixed, the distribution of TS in the null hypothesis was
PDF(TS) = 1
2
(δ(TS) + χ2n(TS)) (4.21)
From this, one finds that TS1/2 can be used as a measure of the statistical significance
of the detection of a source.
We finally mention that this formulation assumed that the source models are time
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independent. In principle, these formulas could be generalized so that the data was
binned also in time. But this would almost never be useful because it is rarely possible
to have a simple parameterized model for the time dependence of a source. Instead,
the analysis of a variable sources is typically performed by dividing the analysis into
multiple time intervals and performing the likelihood fits independently in each time
range. See Nolan et al. (2012) for an example implementation.
4.6 The Alternate Maximum-Likelihood Package
pointlike
pointlike is an alternative maximum-likelihood framework developed for analyz-
ing LAT data. In principle, both pointlike and gtlike perform the same binned
maximum-likelihood analysis described in Section 4.5. pointlike’s major design
difference is that it was written with efficiency in mind. The primary use case for
pointlike is fitting procedures which require multiple iterations such as source find-
ing, position and extension fitting, computing large residual TS maps.
What makes maximum-likelihood analysis of LAT data difficult is the strongly
non-linear performance of the LAT (see Section 2.3.2). At lower energies, one typically
finds lots of photons but each photon is not very significant due to the poor angular
resolution of the instrument. At these energies, a binned analysis with coarse bins is
perfectly adequate to study the sky. But at higher energies, there are limited numbers
of photons due to the limited source fluxes. But because the angular resolution is
much improved, these photons become much more important. At these energies, an
unbinned analysis which loops over each photon is more appropriate.
The primary efficiency gain of pointlike comes from scaling the bin size with
energy so that the bin size is always comparable to the PSF. To do this, pointlike
bins the sky into HEALPIX pixels (Go´rski et al. 2005), but only keeps bins with counts
in them. At low energy, the bins are large and essentially every bin has many counts
in it. But at high energy, bins are very small and rarely have more than one count in
them. So pointlike essentially does a binned analysis at low energy, approximates
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an unbinned analysis at high energy, and naturally interpolates between the two
extremes.
There is one obvious trade-off for keeping only bins with counts in them. Using
Equation 4.20, we note that the evaluation of the
∑
j kj log θj term can easily be
evaluation if only the counts and model counts are computed in bins with counts in
them. But the
∑
j θj term (the overall model predicted counts in all bins). To avoid
this, pointlike has to independently compute the integral of the model counts.
More details about the implementation of pointlike can be found in Kerr (2010).
We will discuss the implementation of extended sources in pointlike in Chapter 5.
Chapter 5
Analysis of Spatially Extended
LAT Sources
This chapter is based the first part of the paper “Search for Spatially Ex-
tended Fermi-LAT Sources Using Two Years of Data” (Lande et al. 2012).
As we discussed in Section 2.5.2, spatial extension is an important characteristic
for correctly associating γ-ray-emitting sources with their counterparts at other wave-
lengths. It is also important for obtaining an unbiased model of their spectra. And
this is particularly important for studying γ-ray-emitting PWN which are expected
to be spatially-extended at γ-ray energies. We present a new method for quantifying
the spatial extension of sources detected by the Large Area Telescope (LAT). We
perform a series of Monte Carlo simulations to validate this tool and calculate the
LAT threshold for detecting the spatial extension of sources. In Chapter 6, we apply
the tools developed in this section to search for new spatially-extended sources.
5.1 Introduction
A number of astrophysical source classes including supernova remnants (SNRs), pul-
sar wind nebulae (PWNe), molecular clouds, normal galaxies, and galaxy clusters are
expected to be spatially resolvable by the Large Area Telescope (LAT), the primary
50
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instrument on the Fermi Gamma-ray Space Telescope (Fermi). Additionally, dark
matter satellites are also hypothesized to be spatially extended. See Atwood et al.
(2009) for pre-launch predictions. The LAT has detected seven SNRs which are signifi-
cantly extended at GeV energies: W51C, W30, IC 443, W28, W44, RX J1713.7−3946,
and the Cygnus Loop (Abdo et al. 2009d; Ajello et al. 2012; Abdo et al. 2010b,f,a,
2011b; Katagiri et al. 2011). In addition, three extended PWN have been detected by
the LAT: MSH 15−52, Vela X, and HESS J1825−137 (Abdo et al. 2010a; Abdo et al.
2010; Grondin et al. 2011). Two nearby galaxies, the Large and Small Magellanic
Clouds, and the lobes of one radio galaxy, Centaurus A, were spatially resolved at
GeV energies (Abdo et al. 2010c,b,c). A number of additional sources detected at
GeV energies are positionally coincident with sources that exhibit large enough ex-
tension at other wavelengths to be spatially resolvable by the LAT at GeV energies.
In particular, there are 59 GeV sources in the second Fermi Source Catalog (2FGL)
that might be associated with extended SNRs (2FGL, Nolan et al. 2012). Previous
analyses of extended LAT sources were performed as dedicated studies of individual
sources so we expect that a systematic scan of all LAT-detected sources could uncover
additional spatially extended sources.
The current generation of IACTs have made it apparent that many sources can be
spatially resolved at even higher energies. Most prominent was a survey of the Galac-
tic plane using H.E.S.S. which reported 14 spatially extended sources with extensions
varying from ∼ 0.◦1 to ∼ 0.◦25 (Aharonian et al. 2006e). Within our Galaxy very few
sources detected at TeV energies, most notably the γ-ray binaries LS 5039 (Aharonian
et al. 2006a), LS I+61−303 (Albert et al. 2006; Acciari et al. 2011), HESS J0632+057
(Aharonian et al. 2007e), and the Crab nebula (Weekes et al. 1989), have no de-
tectable extension. High-energy γ-rays from TeV sources are produced by the decay
of pi0s produced by hadronic interactions with interstellar matter and by relativistic
electrons due to Inverse Compton (IC) scattering and bremsstrahlung radiation. It
is plausible that the GeV and TeV emission from these sources originates from the
same population of high-energy particles and so at least some of these sources should
be detectable at GeV energies. Studying these TeV sources at GeV energies would
help to determine the emission mechanisms producing these high energy photons.
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The LAT is a pair conversion telescope that has been surveying the γ-ray sky since
2008 August. The LAT has broad energy coverage (20 MeV to > 300 GeV), wide
field of view (∼ 2.4 sr), and large effective area (∼ 8000 cm2 at > 1 GeV) Additional
information about the performance of the LAT can be found in Atwood et al. (2009).
Using 2 years of all-sky survey data, the LAT Collaboration published 2FGL
(2FGL, Nolan et al. 2012). The possible counterparts of many of these sources can
be spatially resolved when observed at other frequencies. But detecting the spatial
extension of these sources at GeV energies is difficult because the size of the point-
spread function (PSF) of the LAT is comparable to the typical size of many of these
sources.
The capability to spatially resolve GeV γ-ray sources is important for several rea-
sons. Finding a coherent source extension across different energy bands can help to
associate a LAT source to an otherwise confused counterpart. Furthermore, γ-ray
emission from dark matter annihilation has been predicted to be detectable by the
LAT. Some of the dark matter substructure in our Galaxy could be spatially resolv-
able by the LAT (Baltz et al. 2008). Characterization of spatial extension could help
to identify this substructure. Also, due to the strong energy dependence of the LAT
PSF, the spatial and spectral characterization of a source cannot be decoupled. An
inaccurate spatial model will bias the spectral model of the source and vice versa.
Specifically, modeling a spatially extended source as point-like will systematically
soften measured spectra. Furthermore, correctly modeling source extension is impor-
tant for understanding an entire region of the sky. For example, an imperfect model
of the spatially extended LMC introduced significant residuals in the surrounding
region (Abdo et al. 2010d; Nolan et al. 2012). Such residuals can bias the significance
and measured spectra of neighboring sources in the densely populated Galactic plane.
For these reasons, in Section 5.2 we present a new systematic method for analyzing
spatially extended LAT sources. In Section 5.3, we demonstrate that this method can
be used to test the statistical significance of the extension of a LAT source and we
assess the expected level of bias introduced by assuming an incorrect spatial model.
In Section 5.4, we calculate the LAT detection threshold to resolve the extension of a
source. In Section 5.5, we study the ability of the LAT to distinguish between a single
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extended source and unresolved closely-spaced point-like sources In Section 5.6, we
further demonstrate that our detection method does not misidentify point-like sources
as being extended by testing the extension of active Galactic nuclei (AGN) believed
to be unresolvable. In Chapter 6, we take the analysis method developed in this
chapter and use it to search for new spatially-extended sources.
5.2 Analysis Method
Morphological studies of sources using the LAT are challenging because of the strongly
energy-dependent PSF that is comparable in size to the extension of many sources
expected to be detected at GeV energies. Additional complications arise for sources
along the Galactic plane due to systematic uncertainties in the model for Galactic
diffuse emission.
For energies below ∼300 MeV, the angular resolution is limited by multiple scat-
tering in the silicon strip tracking section of the detector and is several degrees at
100 MeV. The PSF improves with energy approaching a 68% containment radius of
∼ 0.◦2 at the highest energies (when averaged over the acceptance of the LAT) and
is limited by the ratio of the strip pitch to the height of the tracker (Atwood et al.
2009; Abdo et al. 2009g; Ackermann et al. 2012).1 However, since most high energy
astrophysical sources have spectra that decrease rapidly with increasing energy, there
are typically fewer higher energy photons with improved angular resolution. There-
fore sophisticated analysis techniques are required to maximize the sensitivity of the
LAT to extended sources.
5.2.1 Modeling Extended Sources in the pointlike Package
A new maximum-likelihood analysis tool has been developed to address the unique
requirements for studying spatially extended sources with the LAT. It works by max-
imizing the Poisson likelihood to detect the observed distributions of γ-rays (referred
to as counts) given a parametrized spatial and spectral model of the sky. The data
1More information about the performance of the LAT can be found at the Fermi Science Support
Center (FSSC, http://fermi.gsfc.nasa.gov).
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are binned spatially, using a HEALPIX pixelization and spectrally (Go´rski et al. 2005)
and the likelihood is maximized over all bins in a region. The extension of a source
can be modeled by a geometric shape (e.g. a disk or a two-dimensional Gaussian)
and the position, extension, and spectrum of the source can be simultaneously fit.
This type of analysis is unwieldy using the standard LAT likelihood analysis tool
gtlike2 because it can only fit the spectral parameters of the model unless a more
sophisticated iterative procedure is used. We note that gtlike has been used in the
past in several studies of source extension in the LAT Collaboration (Abdo et al.
2010c,b,f, 2009d). In these studies, a set of gtlike maximum likelihood fits at fixed
extensions was used to build a profile of the likelihood as a function of extension.
The gtlike likelihood profile approach has been shown to correctly reproduce the
extension of simulated extended sources assuming that the true position is known
(Giordano & Fermi LAT Collaboration 2011). But it is not optimal because the
position, extension, and spectrum of the source must be simultaneously fit to find
the best fit parameters and to maximize the statistical significance of the detection.
Furthermore, because the gtlike approach is computationally intensive, no large-
scale Monte Carlo simulations have been run to calculate its false detection rate.
The approach presented here is based on a second maximum likelihood fitting
package developed in the LAT Collaboration called pointlike (Abdo et al. 2010d;
Kerr 2010). The choice to base the spatial extension fitting on pointlike rather
than gtlike was made due to considerations of computing time. The pointlike
algorithm was optimized for speed to handle larger numbers of sources efficiently,
which is important for our catalog scan and for being able to perform large-scale
Monte Carlo simulations to validate the analysis. Details on the pointlike package
can be found in Kerr (2010). We extended the code to allow a simultaneous fit of the
source extension together with the position and the spectral parameters.
2gtlike is distributed publicly by the FSSC.
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5.2.2 Extension Fitting
In pointlike, one can fit the position and extension of a source under the assumption
that the source model can be factorized: M(x, y, E) = S(x, y)×X(E), where S(x, y)
is the spatial distribution and X(E) is the spectral distribution. To fit an extended
source, pointlike convolves the extended source shape with the PSF (as a function of
energy) and uses the minuit library (James & Roos 1975) to maximize the likelihood
by simultaneously varying the position, extension, and spectrum of the source. As
will be described in Section 5.3.1, simultaneously fitting the position, extension, and
spectrum is important to maximize the statistical significance of the detection of the
extension of a source. To avoid projection effects, the longitude and latitude of the
source are not directly fit but instead the displacement of the source in a reference
frame centered on the source.
The significance of the extension of a source can be calculated from the likelihood-
ratio test. The likelihood ratio defines the test statistic (TS) by comparing the like-
lihood of a simpler hypothesis to a more complicated one:
TS = 2 log(L(H1)/L(H0)), (5.1)
where H1 is the more complicated hypothesis and H0 the simpler one. For the case
of the extension test, we compare the likelihood when assuming the source has either
a point-like or spatially extended spatial model:
TSext = 2 log(Lext/Lps). (5.2)
pointlike calculates TSext by fitting a source first with a spatially extended model
and then as a point-like source. The interpretation of TSext in terms of a statistical
significance is discussed in Section 5.3.1.
For extended sources with an assumed radially-symmetric shape, we optimized
the calculation by performing one of the integrals analytically. The expected photon
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distribution can be written as
PDF(~r) =
∫
PSF(|~r − ~r′|)Isrc(~r′)r′dr′dφ′ (5.3)
where ~r represents the position in the sky and Isrc(~r) is the spatial distribution of the
source. The PSF of the LAT is currently parameterized in the Pass 7 V6 (P7 V6)
Source Instrument Response Function (IRFs, Ackermann et al. 2012) by a King func-
tion (King 1962):
PSF(r) =
1
2piσ2
(
1− 1
γ
)(
1 +
u
γ
)−γ
, (5.4)
where u = (r/σ)2/2 and σ and γ are free parameters (Kerr 2010). For radially-
symmetric extended sources, the angular part of the integral can be evaluated ana-
lytically
PDF(u) =
∫ ∞
0
r′dr′Isrc(v)
∫ 2pi
0
dφ′PSF(
√
2σ2(u+ v − 2√uv cos(φ− φ′))) (5.5)
=
∫ ∞
0
dvIsrc(v)
(
γ − 1
γ
)(
γ
γ + u+ v
)γ
× 2F1
(
γ/2,
1 + γ
2
, 1,
4uv
(γ + u+ v)2
)
,
(5.6)
where v = (r′/σ)2/2 and 2F1 is the Gaussian hypergeometric function. This convolu-
tion formula reduces the expected photon distribution to a single numerical integral.
There will always be a small numerical discrepancy between the expected photon
distribution derived from a true point-like source and a very small extended source due
to numerical error in the convolution. In most situations, this error is insignificant.
But in particular for very bright sources, this numerical error has the potential to
bias the TS for the extension test. Therefore, when calculating TSext, we compare
the likelihood fitting the source with an extended spatial model to the likelihood when
the extension is fixed to a very small value (10−10 degrees in radius for a uniform disk
model).
We estimate the error on the extension of a source by fixing the position of the
source and varying the extension until the log of the likelihood has decreased by 1/2,
corresponding to a 1σ error (Eadie et al. 1971). Figure 5.1 demonstrates this method
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Figure 5.1 Counts maps and TS profiles for the SNR IC 443. (a) TS vs. extension
of the source. (b) TSext for individual energy bands. (c) observed radial profile of
counts in comparison to the expected profiles for a spatially extended source (solid
and colored red in the online version) and for a point-like source (dashed and colored
blue in the online version). (d) smoothed counts map after subtraction of the diffuse
emission compared to the smoothed LAT PSF (inset). Both were smoothed by a 0.◦1
2D Gaussian kernel. Plots (a), (c), and (d) use only photons with energies between
1 GeV and 100 GeV. Plots (c) and (d) include only photons which converted in the
front part of the tracker and have an improved angular resolution (Atwood et al.
2009).
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by showing the change in the log of the likelihood when varying the modeled extension
of the SNR IC 443. The localization error is calculated by fixing the extension and
spectrum of the source to their best fit values and then fitting the log of the likelihood
to a 2D Gaussian as a function of position. This localization error algorithm is further
described in Nolan et al. (2012).
5.2.3 gtlike Analysis Validation
pointlike is important for analyses of LAT data that require many iterations such as
source localization and extension fitting. On the other hand, because gtlike makes
fewer approximations in calculating the likelihood we expect the spectral parameters
found with gtlike to be slightly more accurate. Furthermore, because gtlike is
the standard likelihood analysis package for LAT data, it has been more extensively
validated for spectral analysis. For those reasons, in the following analysis we used
pointlike to determine the position and extension of a source and subsequently
derived the spectrum using gtlike. Both gtlike and pointlike can be used to
estimate the statistical significance of the extension of a source and we required that
both methods agree for a source to be considered extended. There was good agreement
between the two methods. Unless explicitly mentioned, all TS, TSext, and spectral
parameters were calculated using gtlike with the best-fit positions and extension
found by pointlike.
5.2.4 Comparing Source Sizes
We considered two models for the surface brightness profile for extended sources: a
2D Gaussian model
IGaussian(x, y) =
1
2piσ2
exp
(−(x2 + y2)/2σ2) (5.7)
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Figure 5.2 A comparison of a 2D Gaussian and uniform disk spatial model of extended
sources before and after convolving with the PSF for two energy ranges. The solid
black line is the PSF that would be observed for a power-law source of spectral index
2. The dashed line and the dash-dotted lines are the brightness profile of a Gaussian
with r68 = 0.
◦5 and the convolution of this profile with the LAT PSF respectively
(colored red in the online version). The dash-dot-dotted and the dot-dotted lines are
the brightness profile of a uniform disk with r68 = 0.
◦5 and the convolution of this
profile with the LAT PSF respectively (colored blue in the online version).
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or a uniform disk model
Idisk(x, y) =
 1piσ2 x2 + y2 ≤ σ20 x2 + y2 > σ2. (5.8)
Although these shapes are significantly different, Figure 5.2 shows that, after convo-
lution with the LAT PSF, their PDFs are similar for a source that has a 0.◦5 radius
typical of LAT-detected extended sources. To allow a valid comparison between the
Gaussian and the uniform disk models, we define the source size as the radius con-
taining 68% of the intensity (r68). By direct integration, we find
r68,Gaussian =1.51σ, (5.9)
r68,disk =0.82σ, (5.10)
where σ is defined in Equation 5.7 and Equation 5.8 respectively. For the example
above, r68 = 0.
◦5 so σdisk = 0.61◦ and σGaussian = 0.33◦.
For sources that are comparable in size to the PSF, the differences in the PDF
for different spatial models are lost in the noise and the LAT is not sensitive to the
detailed spatial structure of these sources. In Section 5.3.3, we perform a dedicated
Monte Carlo simulation that shows there is little bias due to incorrectly modeling the
spatial structure of an extended source. Therefore, in our search for extended sources
we use only a radially-symmetric uniform disk spatial model. Unless otherwise noted,
we quote the radius to the edge (σ) as the size of the source.
5.3 Validation of the TS Distribution
5.3.1 Point-like Source Simulations Over a Uniform Back-
ground
We tested the theoretical distribution for TSext to evaluate the false detection proba-
bility for measuring source extension. To do so, we tested simulated point-like sources
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for extension. Mattox et al. (1996) discuss that the TS distribution for a likelihood-
ratio test on the existence of a source at a given position is
P (TS) = 1
2
(χ21(TS) + δ(TS)), (5.11)
where P (TS) is the probability density to get a particular value of TS, χ21 is the chi-
squared distribution with one degree of freedom, and δ is the Dirac delta function.
The particular form of Equation 5.11 is due to the null hypothesis (source flux Φ = 0)
residing on the edge of parameter space and the model hypothesis adding a single
degree of freedom (the source flux). It leads to the often quoted result
√
TS = σ,
where σ here refers to the significance of the detection. It is plausible to expect
a similar distribution for the TS in the test for source extension since the same
conditions apply (with the source flux Φ replaced by the source radius r and r < 0
being unphysical). To verify Equation 5.11, we evaluated the empirical distribution
function of TSext computed from simulated sources.
We simulated point-like sources with various spectral forms using the LAT on-orbit
simulation tool gtobssim3 and fit the sources with pointlike using both point-like
and extended source hypotheses. These point-like sources were simulated with a
power-law spectral model with integrated fluxes above 100 MeV ranging from 3×10−9
to 1 × 10−5 ph cm−2s−1 and spectral indices ranging from 1.5 to 3. These values
were picked to represent typical parameters of LAT-detected sources. The point-like
sources were simulated on top of an isotropic background with a power-law spectral
model with integrated flux above 100 MeV of 1.5×10−5 ph cm−2s−1 sr−1 and spectral
index 2.1. This was taken to be the same as the isotropic spectrum measured by
EGRET (Sreekumar et al. 1998). This spectrum is comparable to the high-latitude
background intensity seen by the LAT. The Monte Carlo simulation was performed
over a one-year observation period using a representative spacecraft orbit and livetime.
The reconstruction was performed using the P7 V6 Source class event selection and
IRFs (Ackermann et al. 2012). For each significantly detected point-like source (TS ≥
25), we used pointlike to fit the source as an extended source and calculate TSext.
3gtobssim is distributed publicly by the FSSC.
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This entire procedure was performed twice, once fitting in the 1 GeV to 100 GeV
energy range and once fitting in the 10 GeV to 100 GeV energy range.
For each set of spectral parameters, ∼ 20, 000 statistically independent simulations
were performed. For lower-flux spectral models, many of the simulations left the
source insignificant (TS < 25) and were discarded. Table 5.1 shows the different
spectral models used in our study as well as the number of simulations and the
average point-like source significance. The cumulative density of TSext is plotted in
Figure 5.3 and Figure 5.4 and compared to the χ21/2 distribution of Equation 5.11.
Our study shows broad agreement between simulations and Equation 5.11. To
the extent that there is a discrepancy, the simulations tended to produce smaller
than expected values of TSext which would make the formal significance conservative.
Considering the distribution in Figure 5.3 and Figure 5.4, the choice of a threshold
TSext set to 16 (corresponding to a formal 4σ significance) is reasonable.
5.3.2 Point-like Source Simulations Over a Structured Back-
ground
We performed a second set of simulations to show that the theoretical distribution
for TSext is still preserved when the point-like sources are present over a highly-
structured diffuse background. Our simulation setup was the same as above except
that the sources were simulated on top of and analyzed assuming the presence of
the standard Galactic diffuse and isotropic background models used in 2FGL. In our
simulations, we selected our sources to have random positions on the sky such that
they were within 5◦ of the Galactic plane. This probes the brightest and most strongly
contrasting areas of the Galactic background.
To limit the number of tests, we selected only one flux level for each of the four
spectral indices and we performed this test only in the 1 GeV to 100 GeV energy range.
As described below, the fluxes were selected so that TS ∼ 50. We do not expect to be
able to spatially resolve sources at lower fluxes than these, and the results for much
brighter sources are less likely to be affected by the structured background.
Because the Galactic diffuse emission is highly structured with strong gradients,
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Figure 5.3 Cumulative distribution of the TS for the extension test when fitting
simulated point-like sources in the 1 GeV to 100 GeV energy range. The four plots
represent simulated sources of different spectral indices and the different lines (colored
in the online version) represent point-like sources with different 100 MeV to 100 GeV
integral fluxes. The dashed line (colored red) is the cumulative density function of
Equation 5.11.
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Figure 5.4 The same plot as Figure 5.3 but fitting in the 10 GeV to 100 GeV energy
range.
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Table 5.1. Monte Carlo Spectral Parameters
Spectral Index Flux(a) N1−100GeV 〈TS〉1−100GeV N10−100GeV 〈TS〉10−100GeV
(ph cm−2s−1)
Isotropic Background
1.5 3× 10−7 18938 22233 18938 8084
10−7 19079 5827 19079 2258
3× 10−8 19303 1276 19303 541
10−8 19385 303 19381 142
3× 10−9 18694 62 12442 43
2 10−6 18760 22101 18760 3033
3× 10−7 18775 4913 18775 730
10−7 18804 1170 18803 192
3× 10−8 18836 224 15256 50
10−8 17060 50 · · · · · ·
2.5 3× 10−6 18597 19036 18597 786
10−6 18609 4738 18608 208
3× 10−7 18613 954 15958 53
10−7 18658 203 · · · · · ·
3× 10−8 14072 41 · · · · · ·
3 10−5 18354 19466 18354 215
3× 10−6 18381 4205 15973 54
10−6 18449 966 · · · · · ·
3× 10−7 18517 174 · · · · · ·
10−7 13714 41 · · · · · ·
Galactic Diffuse and Isotropic Background(b)
1.5 2.3× 10−8 90741 63 · · · · · ·
2 1.2× 10−7 92161 60 · · · · · ·
2.5 4.5× 10−7 86226 47 · · · · · ·
3 2.0× 10−6 94412 61 · · · · · ·
(a)Integral 100 MeV to 100 GeV flux.
(b) For the Galactic simulations, the quoted fluxes are the fluxes for sources placed in the Galactic
center. The actual fluxes are scaled by Equation 5.12.
Note. — A list of the spectral models of the simulated point-like sources which were tested for
extension. For each model, the number of statistically independent simulations and the average value
of TS is also tabulated. The top rows are the simulations on top of an isotropic background and the
bottom rows are the simulations on top of the Galactic diffuse and isotropic background.
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the point-source sensitivity can vary significantly across the Galactic plane. To ac-
count for this, we scaled the flux (for a given spectral index) so that the source always
has approximately the same signal-to-noise ratio:
F (~x) = F (GC)×
(
B(~x)
B(GC)
)1/2
. (5.12)
Here, ~x is the position of the simulated source, F is the integral flux of the source
from 100 MeV to 100 GeV, F (GC) is the same quantity if the source was at the
Galactic center, B is the integral of the Galactic diffuse and isotropic emission from
1 GeV to 100 GeV at the position of the source, and B(GC) is the same quantity if
the source was at the Galactic center. For the four spectral models, Table 5.1 lists
F (GC) and the average value of TS.
For each spectrum, we performed ∼ 90, 000 simulations. Figure 5.5 shows the
cumulative density of TSext for each spectrum. For small values of TSext, there is
good agreement between the simulations and theory. For the highest values of TSext,
there is possibly a small discrepancy, but the discrepancy is not statistically signifi-
cant. Therefore, we are confident we can use TSext as a robust measure of statistical
significance when testing LAT-detected sources for extension.
5.3.3 Extended Source Simulations Over a Structured Back-
ground
We also performed a Monte Carlo study to show that incorrectly modeling the spatial
extension of an extended source does not substantially bias the spectral fit of the
source, although it does alter the value of the TS. To assess this, we simulated the
spatially extended ring-type SNR W44. We selected W44 because it is the most
significant extended source detected by the LAT that has a non-radially symmetric
photon distribution (Abdo et al. 2010a).
W44 was simulated with a power-law spectral model with an integral flux of
7.12 × 10−8 ph cm−2s−1 in the energy range from 1 GeV to 100 GeV and a spectral
index of 2.66 (see Section 6.1).
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Figure 5.5 Cumulative distribution of TSext for sources simulated on top of the Galac-
tic diffuse and isotropic background.
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W44 was simulated with the elliptical ring spatial model described in Abdo et al.
(2010a). For reference, the ellipse has a semi-major axis of 0.◦3, a semi-minor axis of
0.◦19, a position angle of 147◦ measured East of celestial North, and the ring’s inner
radius is 75% of the outer radius.
We used a simulation setup similar to that described in Section 5.3.2, but the
simulations were over the 2-year interval of the 2FGL catalog. In the simulations, we
did not include the finite energy resolution of the LAT to isolate any effects due to
changing the assumed spatial model. The fitting code we use also ignores this energy
dispersion and the potential bias introduced by this will be discussed in an upcoming
paper by the LAT collaboration (Ackermann et al. 2012). In total, we performed 985
independent simulations.
The simulated sources were fit using a point-like spatial model, a radially-symmetric
Gaussian spatial model, a uniform disk spatial model, an elliptical disk spatial model,
and finally with an elliptical ring spatial model. We obtained the best fit spatial pa-
rameters using pointlike and, with these parameters, obtained the best fit spectral
parameters using gtlike.
Figure 5.6a shows that the significance of W44 in the simulations is very large
(TS ∼ 3500) for a model with a point-like source hypothesis. Figure 5.6b shows that
the significance of the spatial extension is also large (TSext ∼ 250). On average TSext
is somewhat larger when fitting the sources with more accurate spatial models. This
shows that assuming an incorrect spatial model will cause the source’s significance
to be underestimated. Figure 5.6c shows that the sources were fit better when as-
suming an elliptical disk spatial model compared to a uniform disk spatial model
(TSelliptical disk − TSdisk ∼ 30). Finally, Figure 5.6d shows that the sources were fit
somewhat better assuming an elliptical ring spatial model compared to an elliptical
disk spatial model (TSelliptical ring − TSelliptical disk ∼ 9). This shows that the LAT has
some additional power to resolve substructure in bright extended sources.
Figure 5.7a and Figure 5.7b clearly show that no significant bias is introduced by
modeling the source as extended but with an inaccurate spatial model, while a point-
like source modeling results in a ∼ 10% and ∼ 0.125 bias in the fit flux and index,
respectively. Furthermore, Figure 5.7c shows that the r68 estimate of the extension size
CHAPTER 5. ANALYSIS OF SPATIALLY EXTENDED LAT SOURCES 69
2800 3000 3200 3400 3600 3800
TSpoint
0
20
40
60
80
100
150 200 250 300 350 400
TSext
0
20
40
60
80
100
disk
Gaussian
0 15 30 45 60
TSelliptical disk − TSdisk
0
20
40
60
80
100
0 8 16 24 32 40
TSelliptical ring − TSelliptical disk
0
30
60
90
120
150
Figure 5.6 The distribution of TS values when fitting 985 statistically independent
simulations of W44. (a) is the distribution of TS values when fitting W44 as a point-
like source and (b) is the distribution of TSext when fitting the source with a uniform
disk or a radially-symmetric Gaussian spatial model. (c) is the distribution of the
change in TS when fitting the source with an elliptical disk spatial model compared to
fitting it with a radially-symmetric disk spatial model and (d) when fitting the source
with an elliptical ring spatial model compared to an elliptical disk spatial model.
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Figure 5.7 The distribution of fit parameters for the Monte Carlo simulations of W44.
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parameters.
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is very mildly biased (∼ 10%) toward higher values when inaccurate spatial models
are used, and thus represents a reasonable measurement of the true 68% containment
radius for the source. For the elliptical spatial models, r68 is computed by numeric
integration.
5.4 Extended Source Detection Threshold
We calculated the LAT flux threshold to detect spatial extent. We define the detec-
tion threshold as the flux at which the value of TSext averaged over many statistical
realizations is 〈TSext〉 = 16 (corresponding to a formal 4σ significance) for a source
of a given extension.
We used a simulation setup similar to that described in Section 5.3.1, but instead
of point-like sources we simulated extended sources with radially-symmetric uniform
disk spatial models. Additionally, we simulated our sources over the two-year time
range included in the 2FGL catalog. For each extension and spectral index, we
selected a flux range which bracketed TSext = 16 and performed an extension test for
> 100 independent realizations of ten fluxes in the range. We calculated 〈TSext〉 = 16
by fitting a line to the flux and TSext values in the narrow range.
Figure 5.8 shows the threshold for sources of four spectral indices from 1.5 to 3 and
extensions varying from σ = 0.◦1 to 2.◦0. The threshold is high for small extensions
when the source is small compared to the size of the PSF. It drops quickly with
increasing source size and reaches a minimum around 0.◦5. The threshold increases
for large extended sources because the source becomes increasingly diluted by the
background. Figure 5.8 shows the threshold using photons with energies between 100
MeV and 100 GeV and also using only photons with energies between 1 GeV and 100
GeV. Except for very large or very soft sources, the threshold is not substantially
improved by including photons with energies between 100 MeV and 1 GeV. This is
also demonstrated in Figure 5.1 which shows TSext for the SNR IC 443 computed
independently in twelve energy bins between 100 MeV and 100 GeV. For IC 443,
which has a spectral index ∼ 2.4 and an extension ∼ 0.◦35, almost the entire increase
in likelihood from optimizing the source extent in the model comes from energies
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Figure 5.8 The detection threshold to resolve an extended source with a uniform disk
model for a two-year exposure. All sources have an assumed power-law spectrum
and the different line styles (colors in the electronic version) correspond to different
simulated spectral indices. The lines with no markers correspond to the detection
threshold using photons with energies between 100 MeV and 100 GeV, while the lines
with star-shaped markers correspond to the threshold using photons with energies
between 1 GeV and 100 GeV.
above 1 GeV. Furthermore, other systematic errors become increasingly large at low
energy. For our extension search (Section 6.3), we therefore used only photons with
energies above 1 GeV.
Figure 5.9 shows the flux threshold as a function of source extension for different
background levels (1×, 10×, and 100× the nominal background), different spectral
indices, and two different energy ranges (1 GeV to 100 GeV and 10 GeV to 100 GeV).
The detection threshold is higher for sources in regions of higher background. When
studying sources only at energies above 1 GeV, the LAT detection threshold (defined
as the 1 GeV to 100 GeV flux at which 〈TSext〉 = 16) depends less strongly on the
spectral index of the source. The index dependence of the detection threshold is even
weaker when considering only photons with energies above 10 GeV because the PSF
changes little from 10 GeV to 100 GeV. Overlaid on Figure 5.9 are the LAT-detected
extended sources that will be discussed in Section 6.1 and Section 6.4. The extension
thresholds are tabulated in Table 5.2.
Finally, Figure 5.10 shows the projected detection threshold of the LAT to ex-
tension with a 10 year exposure against 10 times the isotropic background measured
by EGRET. This background is representative of the background near the Galactic
plane. For small extended sources, the threshold improves by a factor larger than
the square root of the relative exposures because the LAT is signal-limited at high
energies where the present analysis is most sensitive. For large extended sources, the
relevant background is over a larger spatial range and so the improvement is closer
to a factor corresponding to the square root of the relative exposures that is caused
by Poisson fluctuations in the background.
5.5 Testing Against Source Confusion
It is impossible to discriminate using only LAT data between a spatially extended
source and multiple point-like sources separated by angular distances comparable to
or smaller than the size of the LAT PSF. To assess the plausibility of source confusion
for sources with TSext ≥ 16, we developed an algorithm to test if a region contains
two point-like sources. The algorithm works by simultaneously fitting in pointlike
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Figure 5.9 The LAT detection threshold for four spectral indices and three back-
grounds (1×, 10×, and 100× the Sreekumar-like isotropic background) for a two-year
exposure. The left-hand plots are the detection threshold when using photons with
energies between 1 GeV and 100 GeV and the right-hand plots are the detection
threshold when using photons with energies between 10 GeV and 100 GeV. The flux
is integrated only in the selected energy range. Overlaid on this plot are the LAT-
detected extended sources placed by the magnitude of the nearby Galactic diffuse
emission and the energy range they were analyzed with. The star-shaped markers
(colored red in the electronic version) are sources with a spectral index closer to 1.5,
the triangular markers (colored blue) an index closer to 2, and the circular markers
(colored green) an index closer to 2.5. The triangular marker in plot (d) below the
sensitivity line is MSH 15−52.
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Figure 5.10 The projected detection threshold of the LAT to extension after 10 years
for a power-law source of spectral index 2 against 10 times the isotropic background
in the energy range from 1 GeV to 100 GeV (solid line colored red in the electronic
version) and 10 GeV to 100 GeV (dashed line colored blue). The shaded gray regions
represent the detection threshold assuming the sensitivity improves from 2 to 10 years
by the square root of the exposure (top edge) and linearly with exposure (bottom
edge). The lower plot shows the factor increase in sensitivity. For small extended
sources, the detection threshold of the LAT to the extension of a source will improve
by a factor larger than the square root of the exposure.
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the positions and spectra of the two point-like sources. To help with convergence,
it begins by dividing the source into two spatially coincident point-like sources and
then fitting the sum and difference of the positions of the two sources without any
limitations on the fit parameters.
After simultaneously fitting the two positions and two spectra, we define TS2pts
as twice the increase in the log of the likelihood fitting the region with two point-like
sources compared to fitting the region with one point-like source:
TS2pts = 2 log(L2pts/Lps). (5.13)
For the following analysis of LAT data, TS2pts was computed by fitting the spectra of
the two point-like sources in gtlike using the best fit positions of the sources found
by pointlike.
TS2pts cannot be quantitatively compared to TSext using a simple likelihood-ratio
test to evaluate which model is significantly better because the models are not nested
(Protassov et al. 2002). Even though the comparison of TSext with TS2pts is not a
calibrated test, TSext > TS2pts indicates that the likelihood for the extended source
hypothesis is higher than for two point-like sources and we only consider a source to
be extended if TSext > TS2pts.
We considered using the Bayesian information criterion (BIC, Schwarz 1978) as
an alternative Bayesian formulation for this test, but it is difficult to apply to LAT
data because it contains a term including the number of data points. For studying
γ-ray sources in LAT data, we analyze relatively large regions of the sky to better
define the contributions from diffuse backgrounds and nearby point sources. This is
important for accurately evaluating source locations and fluxes but the fraction of
data directly relevant to the evaluation of the parameters for the source of interest is
relatively small.
As an alternative, we considered the Akaike information criterion test (AIC,
Akaike 1974). The AIC is defined as AIC = 2k − 2 logL, where k is the number
of parameters in the model. In this formulation, the best hypothesis is considered to
be the one that minimizes the AIC. The first term penalizes models with additional
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parameters.
The two point-like sources hypothesis has three more parameters than the single
extended source hypothesis (two more spatial parameters and two more spectral pa-
rameters compared to one extension parameter), so the comparison AICext < AIC2pts
is formally equivalent to TSext + 6 > TS2pts. Our criterion for accepting extension
(TSext > TS2pts) is thus equivalent to requesting that the AIC-based empirical sup-
port for the two point-like sources model be “considerably less” than for the extended
source model, following the classification by Burnham & Anderson (2002).
We assessed the power of the TSext > TS2pts test with a Monte Carlo study. We
simulated one spatially extended source and fit it as both an extended source and
as two point-like sources using pointlike. We then simulated two point-like sources
and fit them with the same two hypotheses. By comparing the distribution of TS2pts
and TSext computed by pointlike for the two cases, we evaluated how effective the
TSext > TS2pts test is at rejecting cases of source confusion as well as how likely it is
to incorrectly reject that an extended source is spatially extended. All sources were
simulated using the same time range as in Section 5.4 against a background 10 times
the isotropic background measured by EGRET, representative of the background near
the Galactic plane.
We did this study first in the energy range from 1 GeV to 100 GeV by simulating
extended sources of flux 4 × 10−9 ph cm−2s−1 integrated from 1 GeV to 100 GeV
and a power-law spectral model with spectral index 2. This spectrum was picked to
be representative of the new extended sources that were discovered in the following
analysis when looking in the 1 GeV to 100 GeV energy range (see Section 6.4). We
simulated these sources using uniform disk spatial models with extensions varying
up to 1◦. Figure 5.11a shows the distribution of TSext and TS2pts and Figure 5.11c
shows the distribution of TSext − TS2pts as a function of the simulated extension of
the source for 200 statistically independent simulations.
Figure 5.12a shows the same plot but when fitting two simulated point-like sources
each with half of the flux of the spatially extended source and with the same spectral
index as the extended source. Finally, Figure 5.12c shows the same plot with each
point-like source having the same flux but different spectral indices. One point-like
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Figure 5.11 (a) and (b) are the distribution of TSext and of TS2pts when fitting sim-
ulated spatially extended sources of varying sizes as both an extended source and as
two point-like sources. (c) and (d) are the distribution of TSext−TS2pts for the same
simulated sources. (a) and (c) represent sources fit in the 1 GeV to 100 GeV energy
range and (b) and (d) represent sources fit in the 10 GeV to 100 GeV energy range.
In (c) and (d), the plus-shaped markers (colored red in the electronic version) are fits
where TSext ≥ 16.
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Figure 5.12 The distribution of TSext − TS2pts when fitting two simulated point-
like sources of varying separations as both an extended source and as two point-like
sources. (a), and (b) represent simulations of two point-like sources with the same
spectral index and (c) and (d) represent simulations of two point-like sources with
different spectral indices. (a) and (c) fit the simulated sources in the 1 GeV to 100
GeV energy range and (b) and (d) fit in the 10 GeV to 100 GeV energy range. The
plus-shaped markers (colored red in the electronic version) are fits where TSext ≥ 16.
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source had a spectral index of 1.5 and the other an index of 2.5. These indices are
representative of the range of indices of LAT-detected sources.
The same four plots are shown in Figure 5.11b, Figure 5.11d, Figure 5.12b, and
Figure 5.12d but this time when analyzing a source of flux 10−9 ph cm−2s−1 (in-
tegrated from 10 GeV to 100 GeV) only in the 10 GeV to 100 GeV energy range.
This flux is typical of the new extended sources discovered using only photons with
energies between 10 GeV and 100 GeV (see Section 6.4).
Several interesting conclusions can be made from this study. As one would expect,
TSext −TS2pts is mostly positive when fitting the simulated extended sources. In the
1 GeV to 100 GeV analysis, only 11 of the 200 simulated extended sources had
TSext > 16 but were incorrectly rejected due to TS2pts being greater than TSext. In
the 10 GeV to 100 GeV analysis, only 7 of the 200 sources were incorrectly rejected.
From this, we conclude that this test is unlikely to incorrectly reject truly spatially
extended sources.
On the other hand, it is often the case that TSext > 16 when testing the two
simulated point-like sources for extension. This is especially the case when the two
sources had the same spectral index. Forty out of 200 sources in the 1 GeV to 100
GeV energy range and 43 out of 200 sources in the 10 GeV to 100 GeV energy range
had TSext > 16. But in these cases, we always found the single extended source
fit to be worse than the two point-like source fit. From this, we conclude that the
TSext > TS2pts test is powerful at discarding cases in which the true emission comes
from two point-like sources.
The other interesting feature in Figure 5.11a and Figure 5.11b is that for simulated
extended sources with typical sizes (σ ∼ 0.◦5), one can often obtain almost as large
an increase in likelihood fitting the source as two point-like sources (TS2pts ∼ TSext).
This is because although the two point-like sources represent an incorrect spatial
model, the second source has four additional degrees of freedom (two spatial and
two spectral parameters) and can therefore easily model much of the extended source
and statistical fluctuations in the data. This effect is most pronounced when using
photons with energies between 1 GeV and 100 GeV where the PSF is broader.
From this Monte Carlo study, we can see the limits of an analysis with LAT data
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of spatially extended sources. Section 5.3.1 showed that we have a statistical test
that finds when a LAT source is not well described by the PSF. But this test does not
uniquely prove that the emission originates from spatially extended emission instead
of from multiple unresolved sources. Demanding that TSext > TS2pts is a powerful
second test to avoid cases of simple confusion of two point-like sources. But it could
always be the case that an extended source is actually the superposition of multiple
point-like or extended sources that could be resolved with deeper observations of the
region. There is nothing about this conclusion unique to analyzing LAT data, but
the broad PSF of the LAT and the density of sources expected to be GeV emitters in
the Galactic plane makes this issue more significant for analyses of LAT data. When
possible, multiwavelength information should be used to help select the best model
of the sky.
5.6 Test of 2LAC Sources
For all following analyses of LAT data, we used the same two-year dataset that was
used in the 2FGL catalog spanning from 2008 August 4 to 2010 August 1. We applied
the same acceptance cuts and we used the same P7 V6 Source class event selection
and IRFs (Ackermann et al. 2012). When analyzing sources in pointlike, we used a
circular 10◦ region of interest (ROI) centered on our source and eight energy bins per
logarithmic decade in energy. When refitting the region in gtlike using the best fit
spatial and spectral models from pointlike, we used the ‘binned likelihood’ mode of
gtlike on a 14◦ × 14◦ ROI with a pixel size of 0.◦03.
Unless explicitly mentioned, we used the same background model as 2FGL to
represent the Galactic diffuse, isotropic, and Earth limb emission. To compensate for
possible residuals in the diffuse emission model, the Galactic emission was scaled by
a power-law and the normalization of the isotropic component was left free. Unless
explicitly mentioned, we used all 2FGL sources within 15◦ of our source as our list of
background sources and we refit the spectral parameters of all sources within 2◦ of
the source.
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To validate our method, we tested LAT sources associated with AGN for exten-
sion. GeV emission from AGN is believed to originate from collimated jets. Therefore
AGN are not expected to be spatially resolvable by the LAT and provide a good cali-
bration source to demonstrate that our extension detection method does not misiden-
tify point-like sources as being extended. We note that megaparsec-scale γ-ray halos
around AGNs have been hypothesized to be resolvable by the LAT (Aharonian et al.
1994). However, no such halo has been discovered in the LAT data so far (Neronov
et al. 2011).
Following 2FGL, the LAT Collaboration published the Second LAT AGN Catalog
(2LAC), a list of high latitude (|b| > 10◦) sources that had a high probability asso-
ciation with AGN (Ackermann et al. 2011b). 2LAC associated 1016 2FGL sources
with AGN. To avoid systematic problems with AGN classification, we selected only
the 885 AGN which made it into the clean AGN sub-sample defined in the 2LAC
paper. An AGN association is considered clean only if it has a high probability of
association P ≥ 80%, if it is the only AGN associated with the 2FGL source, and if
no analysis flags have been set for the source in the 2FGL catalog. These last two
conditions are important for our analysis. Source confusion may look like a spatially
extended source and flagged 2FGL sources may correlate with unmodeled structure
in the diffuse emission.
Of the 885 clean AGN, we selected the 733 of these 2FGL sources which were
significantly detected above 1 GeV and fit each of them for extension. The cumulative
density of TSext for these AGN is compared to the χ
2
1/2 distribution of Equation 5.11
in Figure 5.13. The TSext distribution for the AGN shows reasonable agreement
with the theoretical distribution and no AGN was found to be significantly extended
(TSext > 16). The observed discrepancy from the theoretical distribution is likely due
to small systematics in our model of the LAT PSF and the Galactic diffuse emission
(see Section 6.2). The discrepancy could also in a few cases be due to confusion with
a nearby undetected source. We note that the Monte Carlo study of Section 5.3.1
effectively used perfect IRFs and a perfect model of the sky. The overall agreement
with the expected distribution demonstrates that we can use TSext as a measure of
the statistical significance of the detection of the extension of a source.
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Figure 5.13 The cumulative density of TSext for the 733 clean AGN in 2LAC that
were significant above 1 GeV calculated with pointlike (dashed line colored blue in
the electronic version) and with gtlike (solid line colored black). AGN are too far
and too small to be resolved by the LAT. Therefore, the cumulative density of TSext
is expected to follow a χ21/2 distribution (Equation 5.11, the dash-dotted line colored
red).
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We note that the LAT PSF used in this study was determined empirically by
fitting the distributions of gamma rays around bright AGN (see Section 6.2). Finding
that the AGN we test are not extended is not surprising. This validation analysis is
not suitable to reject any hypotheses about the existence of megaparsec-scale halos
around AGN.
Chapter 6
Search for Spatially-extended LAT
Sources
This chapter is based the second part of the paper “Search for Spatially
Extended Fermi-LAT Sources Using Two Years of Data” (Lande et al.
2012).
In Chapter 5, we developed a new method to study spatially-extended sources.
In this chapter, we apply this method to search for new spatially-extended sources.
In Section 6.1, we systematically reanalyze the twelve extended sources included in
the 2FGL catalog and in Section 6.2 we describe a method to estimate a systematic
error on the spatial extension of a source. In Section 6.3, we describe a search for
new spatially extended LAT sources. Finally, in Section 6.4 we present the detection
of the extension of nine spatially extended sources that were reported in the 2FGL
catalog but were treated as being point-like in the previous analysis. Two of these
sources have been previously analyzed in dedicated publications.
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6.1 Analysis of Extended Sources Identified in the
2FGL Catalog
As further validation of our method for studying spatially extended sources, we reana-
lyzed the twelve spatially extended sources which were included in the 2FGL catalog
(Nolan et al. 2012). Even though these sources had all been the subjects of dedi-
cated analyses and separate publications, and had been fit with a variety of spatial
models, it is valuable to show that these sources are significantly extended using our
systematic method assuming radially-symmetric uniform disk spatial models. On the
other hand, for some of these sources a uniform disk spatial model does not well de-
scribe the observed extended emission and so the dedicated publications by the LAT
collaboration provide better models of these sources.
Six extended SNRs were included in the 2FGL catalog: W51C, IC 443, W28,
W44, the Cygnus Loop, and W30 (Abdo et al. 2009d, 2010b,f,a; Katagiri et al. 2011;
Ajello et al. 2012). Using photons with energies between 1 GeV and 100 GeV, our
analysis significantly detected that these six SNRs are spatially extended.
Two nearby satellite galaxies of the Milky Way the Large Magellanic Cloud (LMC)
and the Small Magellanic Cloud (SMC) were included in the 2FGL catalog as spatially
extended sources (Abdo et al. 2010c,b). Their extensions were significantly detected
using photons with energies between 1 GeV and 100 GeV. Our fit extensions are
comparable to the published result, but we note that the previous LAT Collaboration
publication on the LMC used a more complicated two 2D Gaussian surface brightness
profile when fitting it (Abdo et al. 2010c).
Three PWNe, MSH 15−52, Vela X, and HESS J1825−137, were fit as extended
sources in the 2FGL analysis (Abdo et al. 2010a; Abdo et al. 2010; Grondin et al.
2011). In the present analysis, HESS J1825−137 was significantly detected using pho-
tons with energies between 10 GeV and 100 GeV. To avoid confusion with the nearby
bright pulsar PSR J1509−5850, MSH 15−52 had to be analyzed at high energies. Us-
ing photons with energies above 10 GeV, we fit the extension of MSH 15−52 to be
consistent with the published size but with TSext =6.6.
Our analysis was unable to resolve Vela X which would have required first removing
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the pulsed photons from the Vela pulsar which was beyond the scope of this paper.
Our analysis also failed to detect a significant extension for the Centaurus A Lobes
because the shape of the source is significantly different from a uniform radially-
symmetric disk (Abdo et al. 2010c).
Our analysis of these sources is summarized in Table 6.1. This table includes the
best fit positions and extensions of these sources when fitting them with a radially-
symmetric uniform disk model. It also includes the best fit spectral parameters for
each source. The positions and extensions of Vela X and the Centaurus A Lobes were
taken from Abdo et al. (2010); Abdo et al. (2010c) and are included in this table for
completeness.
6.2 Systematic Errors on Extension
We developed two criteria for estimating systematic errors on the extensions of the
sources. First, we estimated a systematic error due to uncertainty in our knowledge of
the LAT PSF. Before launch, the LAT PSF was determined by detector simulations
which were verified in accelerator beam tests (Atwood et al. 2009). However, in-
flight data revealed a discrepancy above 3 GeV in the PSF compared to the angular
distribution of photons from bright AGN (Ackermann et al. 2012). Subsequently, the
PSF was fit empirically to bright AGN and this empirical parameterization is used
in the P7 V6 IRFs. To account for the uncertainty in our knowledge of the PSF, we
refit our extended source candidates using the pre-flight Monte Carlo representation
of the PSF and consider the difference in extension found using the two PSFs as
a systematic error on the extension of a source. The same approach was used in
Abdo et al. (2010b). We believe that our parameterization of the PSF from bright
AGN is substantially better than the Monte Carlo representation of the PSF so this
systematic error is conservative.
We estimated a second systematic error on the extension of a source due to un-
certainty in our model of the Galactic diffuse emission by using an alternative ap-
proach to modeling the diffuse emission which takes as input templates calculated
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by GALPROP1 but then fits each template locally in the surrounding region. The
particular GALPROP model that was used as input is described in the analysis of
the isotropic diffuse emission with LAT data (Abdo et al. 2010d). The intensities
of various components of the Galactic diffuse emission were fitted individually using
a spatial distribution predicted by the model. We considered separate contributions
from cosmic-ray interactions with the molecular hydrogen, the atomic and ionized hy-
drogen, residual gas traced by dust (Grenier et al. 2005), and the interstellar radiation
field. We further split the contributions from interactions with molecular and atomic
hydrogen to the Galactic diffuse emission according to the distance from the Galactic
center in which they are produced. Hence, we replaced the standard diffuse emission
model by 18 individually fitted templates to describe individual components of the
diffuse emission. A similar crosscheck was used in an analysis of RX J1713.7−3946
by the LAT Collaboration (Abdo et al. 2011b).
It is not expected that this diffuse model is superior to the standard LAT model
obtained through an all-sky fit. However, adding degrees of freedom to the back-
ground model can remove likely spurious sources that correlate with features in the
Galactic diffuse emission. Therefore, this tests systematics that may be due to im-
perfect modeling of the diffuse emission in the region. Nevertheless, this alternative
approach to modeling the diffuse emission does not test all systematics related to
the diffuse emission model. In particular, because the alternative approach uses the
same underlying gas maps, it is unable to be used to assess systematics due to in-
sufficient resolution of the underlying maps. Structure in the diffuse emission that is
not correlated with these maps will also not be assessed by this test.
We do not expect the systematic error due to uncertainties in the PSF to be cor-
related with the systematic error due to uncertainty in the Galactic diffuse emission.
Therefore, the total systematic error on the extension of a source was obtained by
adding the two errors in quadrature.
There is another systematic error on the size of a source due to issues modeling
1GALPROP is a software package for calculating the Galactic γ-ray emission based on a model
of cosmic-ray propagation in the Galaxy and maps of the distributions of the components of the
interstellar medium (Strong & Moskalenko 1998; Vladimirov et al. 2011). See also http://galprop.
stanford.edu/ for details.
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nearby sources in crowded regions of the sky. It is beyond the scope of this paper to
address this systematic error. Therefore, for sources in crowded regions the system-
atic errors quoted in this paper may not represent the full set of systematic errors
associated with this analysis.
6.3 Extended Source Search Method
Having demonstrated that we understand the statistical issues associated with ana-
lyzing spatially extended sources (Section 5.3.1 and Section 5.6) and that our method
can correctly analyze the extended sources included in 2FGL (Section 6.1), we applied
this method to search for new spatially extended GeV sources. The data and general
analysis setting is as described in Section 5.6.
Ideally, we would apply a completely blind and uniform search that tests the
extension of each 2FGL source in the presence of all other 2FGL sources to find a
complete list of all spatially extended sources. As our test of AGN in Section 5.6
showed, at high Galactic latitude where the source density is not as large and the
diffuse emission is less structured, this method works well.
But this is infeasible in the Galactic plane where we are most likely to discover new
spatially extended sources. In the Galactic plane, this analysis is challenged by our
imperfect model of the diffuse emission and by an imperfect model of nearby sources.
The Monte Carlo study in Section 5.5 showed that the overall likelihood would greatly
increase by fitting a spatially extended source as two point-like sources so we expect
that spatially extended sources would be modeled in the 2FGL catalog as multiple
point-like sources. Furthermore, the positions of other nearby sources in the region
close to an extended source could be biased by not correctly modeling the extension of
the source. The 2FGL catalog contains a list of sources significant at energies above
100 MeV whereas we are most sensitive to spatial extension at higher energies. We
therefore expect that at higher energies our analysis would be complicated by 2FGL
sources no longer significant and by 2FGL sources whose positions were biased by
diffuse emission at lower energies.
To account for these issues, we first produced a large list of possibly extended
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sources employing very liberal search criteria and then refined the analysis of the
promising candidates on a case by case basis. Our strategy was to test all point-like
2FGL sources for extension assuming they had a uniform radially-symmetric disk
spatial model and a power-law spectral model. Although not all extended sources are
expected to have a shape very similar to a uniform disk, Section 5.2.4 showed that
for many spatially extended sources the wide PSF of the LAT and limited statistics
makes this a reasonable approximation. On the other hand, choosing this spatial
model biases us against finding extended sources that are not well described by a
uniform disk model such as shell-type SNRs.
Before testing for extension, we automatically removed from the background
model all other 2FGL sources within 0.◦5 of the source. This distance is somewhat
arbitrary, but was picked in hopes of finding extended sources with sizes on the order
of ∼ 1◦ or smaller. On the other hand, by removing these nearby background sources
we expect to also incorrectly add to our list of extended source candidates point-like
sources that are confused with nearby sources. To screen out obvious cases of source
confusion, we performed the dual localization procedure described in Section 5.5 to
compare the extended source hypothesis to the hypothesis of two independent point-
like sources.
As was shown in Section 5.4, little sensitivity is gained by using photons with
energies below 1 GeV. In addition, the broad PSF at low energy makes the analysis
more susceptible to systematic errors arising from source confusion due to nearby
soft point-like sources and by uncertainties in our modeling of the Galactic diffuse
emission. For these reasons, we performed our search using only photons with energies
between 1 GeV and 100 GeV.
We also performed a second search for extended sources using only photons with
energies between 10 GeV and 100 GeV. Although this approach tests the same
sources, it is complementary because the Galactic diffuse emission is even less domi-
nant above 10 GeV and because source confusion is less of an issue. A similar proce-
dure was used to detect the spatial extensions of MSH 15−52 and HESS J1825−137
with the LAT (Abdo et al. 2010a; Grondin et al. 2011).
When we applied this test to the 1861 point-like sources in the 2FGL catalog, our
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search found 117 extended source candidates in the 1 GeV to 100 GeV energy range
and 11 extended source candidates in the 10 GeV to 100 GeV energy range. Most
of the extended sources found above 10 GeV were also found above 1 GeV and in
many cases multiple nearby point-like sources were found to be extended even though
they fit the same emission region. For example, the sources 2FGL J1630.2−4752,
2FGL J1632.4−4753c 2FGL J1634.4−4743c, and 2FGL J1636.3−4740c were all found
to be spatially extended in the 10 GeV to 100 GeV energy range even though they
all fit to similar positions and sizes. For these situations, we manually discarded all
but one of the 2FGL sources.
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Figure 6.1 A TS map generated for the region around the SNR IC 443 using photons
with energies between 1 GeV and 100 GeV. (a) TS map after subtracting IC 443
modeled as a point-like source. (b) same as (a), but IC 443 modeled as an extended
source. The cross represents the best fit position of IC 443.
Similarly, many of these sources were confused with nearby point-like sources or
influenced by large-scale residuals in the diffuse emission. To help determine which
of these fits found truly extended sources and when the extension was influenced by
source confusion and diffuse emission, we generated a series of diagnostic plots. For
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each candidate, we generated a map of the residual TS by adding a new point-like
source of spectral index 2 into the region at each position and finding the increase
in likelihood when fitting its flux. Figure 6.1 shows this map around the most sig-
nificantly extended source IC 443 when it is modeled both as a point-like source and
as an extended source. The residual TS map indicates that the spatially extended
model for IC 443 is a significantly better description of the observed photons and
that there is no TS > 25 residual in the region after modeling the source as be-
ing spatially extended. We also generated plots of the sum of all counts within a
given distance of the source and compared them to the model predictions assuming
the emission originated from a point-like source. An example radial integral plot is
shown for the extended source IC 443 in Figure 5.1. For each source, we also made
diffuse-emission-subtracted smoothed counts maps (shown for IC 443 in Figure 5.1).
We found by visual inspection that in many cases our results were strongly influ-
enced by large-scale residuals in the diffuse emission and hence the extension measure
was unreliable. This was especially true in our analysis of sources in the 1 GeV to 100
GeV energy range. An example of such a case is 2FGL J1856.2+0450c analyzed in
the 1 GeV to 100 GeV energy range. Figure 6.2 shows a diffuse-emission-subtracted
smoothed counts map for this source with the best fit extension of the source overlaid.
There appear to be large-scale residuals in the diffuse emission in this region along
the Galactic plane. As a result, 2FGL J1856.2+0450c is fit to an extension of ∼ 2◦
and the result is statistically significant with TSext =45.4. However, by looking at the
residuals it is clear that this complicated region is not well modeled. We manually
discard sources like this.
We only selected extended source candidates in regions that did not appear dom-
inated by these issues and where there was a multiwavelength counterpart. Because
of these systematic issues, this search can not be expected to be complete and it is
likely that there are other spatially extended sources that this method missed.
For each candidate that was not biased by neighboring point-like sources or by
large-scale residuals in the diffuse emission model, we improved the model of the re-
gion by deciding on a case by case basis which background point-like sources should
be kept. We kept in our model the sources that we believed represented physically
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Figure 6.2 A diffuse-emission-subtracted 1 GeV to 100 GeV counts map of the region
around 2FGL J1856.2+0450c smoothed by a 0.◦1 2D Gaussian kernel. The plus-shaped
marker and circle (colored red in the online version) represent the center and size
of the source fit with a radially-symmetric uniform disk spatial model. The black
crosses represent the positions of other 2FGL sources. The extension is statistically
significant, but the extension encompasses many 2FGL sources and the emission
does not look to be uniform. Although the fit is statistically significant, it likely
corresponds to residual features of inaccurately modeled diffuse emission picked up
by the fit.
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Table 6.2. Nearby Residual-induced Sources
Extended Source Residual-induced Sources
2FGL J0823.0−4246 2FGL J0821.0−4254, 2FGL J0823.4−4305
2FGL J1627.0−2425c · · ·
2FGL J0851.7−4635 2FGL J0848.5−4535, 2FGL J0853.5−4711, 2FGL J0855.4−4625
2FGL J1615.0−5051 · · ·
2FGL J1615.2−5138 2FGL J1614.9−5212
2FGL J1632.4−4753c 2FGL J1634.4−4743c
2FGL J1712.4−3941 · · ·
2FGL J1837.3−0700c 2FGL J1835.5−0649
2FGL J2021.5+4026 2FGL J2019.1+4040
Note. — For each new extended source, we list nearby 2FGL soruces that we have
concluded here correspond to residuals induced by not modeling the extensions of nearby
extended sources.
distinct sources and we removed sources that we believed were included in the 2FGL
catalog to compensate for residuals induced by not modeling the extension of the
source. Soft nearby point-like 2FGL sources that were not significant at higher ener-
gies were frozen to the spectras predicted by 2FGL. When deciding which background
sources to keep and which to remove, we used multiwavelength information about pos-
sibly extended source counterparts to help guide our choice. For each extended source
presented in Section 6.4, we describe any modifications from 2FGL of the background
model that were performed. In Table 6.2, we summarize the sources in the 2FGL
catalog that we have concluded here correspond to residuals induced by not modeling
the extensions of nearby extended sources.
The best fit positions of nearby point-like sources can be influenced by the ex-
tended source and vice versa. Similarly, the best fit positions of nearby point-like
sources in the 2FGL catalog can be biased by systematic issues at lower energies.
Therefore, after selecting the list of background sources, we iteratively refit the posi-
tions and spectra of nearby background sources as well as the positions and extensions
of the analyzed spatially extended sources until the overall fit converged globally. For
each extended source, we will describe the positions of any relocalized background
sources.
After obtaining the overall best fit positions and extensions of all of the sources
in the region using pointlike, we refit the spectral parameters of the region using
gtlike. With gtlike, we obtained a second measure of TSext. We only consider
a source to be extended when both pointlike and gtlike agree that TSext ≥ 16.
We further required that TSext ≥ 16 using the alternative approach to modeling the
diffuse emission presented in Section 6.2. We then replaced the spatially extended
source with two point-like sources and refit the positions and spectra of the two point-
like sources to calculate TS2pts. We only consider a source to be spatially extended,
instead of being the result of confusion of two point-like sources, if TSext > TS2pts.
As was shown in Section 5.5, this test is fairly powerful at removing situations in
which the emission actually originates from two distinct point-like sources instead
of one spatially extended source. On the other hand, it is still possible that longer
observations could resolve additional structure or new sources that the analysis can-
not currently detect. Considering the very complicated morphologies of extended
sources observed at other wavelengths and the high density of possible sources that
are expected to emit at GeV energies, it is likely that in some of these regions further
observations will reveal that the emission is significantly more complicated than the
simple radially-symmetric uniform disk model that we assume.
6.4 New Extended Sources
Nine extended sources not included in the 2FGL catalog were found by our ex-
tended source search. Two of these have been previously studied in dedicated publi-
cations: RX J1713.7−3946 and Vela Jr. (Abdo et al. 2011b; Tanaka et al. 2011). Two
of these sources were found when using photons with energies between 1 GeV and 100
GeV and seven were found when using photons with energies between 10 GeV and
100 GeV. For the sources found at energies above 10 GeV, we restrict our analysis to
higher energies because of the issues of source confusion and diffuse emission modeling
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described in Section 6.3. The spectral and spatial properties of these nine sources are
summarized in Table 6.3 and the results of our investigation of systematic errors are
presented in Table 6.4. Table 6.4 also compares the likelihood assuming the source is
spatially extended to the likelihood assuming that the emission originates from two
independent point-like sources. For these new extended sources, TSext > TS2pts so we
conclude that the GeV emission does not originate from two physically distinct point-
like sources (see Section 5.5). Table 6.4 also includes the results of the extension fits
using variations of the PSF and the Galactic diffuse model described in Section 6.2.
There is good agreement between TSext and the fit size using the standard analysis,
the alternative approach to modeling the diffuse emission, and the alternative PSF.
This suggests that the sources are robust against mis-modeled features in the diffuse
emission model and uncertainties in the PSF.
6.4.1 2FGL J0823.0−4246
2FGL J0823.0−4246 was found by our search to be an extended source candidate in
the 1 GeV to 100 GeV energy range and is spatially coincident with the SNR Puppis
A. Figure 6.3 shows a counts map of this source. There are two nearby 2FGL sources
2FGL J0823.4−4305 and 2FGL J0821.0−4254 that are also coincident with the SNR
but that do not appear to represent physically distinct sources. We conclude that
these nearby point-like sources were included in the 2FGL catalog to compensate for
residuals induced by not modeling the extension of this source and removed them
from our model of the sky. After removing these sources, 2FGL J0823.0−4246 was
found to have an extension σ = 0.◦37±0.◦03stat±0.◦02sys with TSext = 48.0. Figure 6.12
shows the spectrum of this source.
Puppis A has been studied in detail in radio (Castelletti et al. 2006), and X-ray
(Petre et al. 1996; Hwang et al. 2008). The fit extension of 2FGL J0823.0−4246
matches well the size of Puppis A in X-ray. The distance of Puppis A was estimated
at 2.2 kpc (Reynoso et al. 1995, 2003) and leads to a 1 GeV to 100 GeV luminosity
of ∼ 3 × 1034 ergs s−1. No molecular clouds have been observed directly adjacent
to Puppis A (Paron et al. 2008), similar to the LAT-detected Cygnus Loop SNR
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Figure 6.3 A diffuse-emission-subtracted 1 GeV to 100 GeV counts map of
2FGL J0823.0−4246 smoothed by a 0.◦1 2D Gaussian kernel. The triangular marker
(colored red in the online version) represents the 2FGL position of this source. The
plus-shaped marker and the circle (colored red) represent the best fit position and
extension of this source assuming a radially-symmetric uniform disk model. The two
star-shaped markers (colored green) represent 2FGL sources that were removed from
the background model. From left to right, these sources are 2FGL J0823.4−4305 and
2FGL J0821.0−4254. The lower right inset is the model predicted emission from a
point-like source with the same spectrum as 2FGL J0823.4−4305 smoothed by the
same kernel. This source is spatially coincident with the Puppis A SNR. The light
blue contours correspond to the X-ray image of Puppis A observed by ROSAT (Petre
et al. 1996).
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(Katagiri et al. 2011). The luminosity of Puppis A is also smaller than that of other
SNRs believed to interact with molecular clouds (Abdo et al. 2009d, 2010b,a,f; Abdo
et al. 2010).
6.4.2 2FGL J0851.7−4635
2FGL J0851.7−4635 was found by our search to be an extended source candidate
in the 10 GeV to 100 GeV energy range and is spatially coincident with the SNR
Vela Jr. This source was recently studied by the LAT Collaboration in Tanaka et al.
(2011). Figure 6.4 shows a counts map of the source. Overlaid on Figure 6.4 are TeV
contours of Vela Jr. (Aharonian et al. 2007c). There are three point-like 2FGL sources
2FGL J0848.5−4535, 2FGL J0853.5−4711, and 2FGL J0855.4−4625 which correlate
with the multiwavelength emission of this SNR but do not appear to be physically
distinct sources. They were most likely included in the 2FGL catalog to compensate
for residuals induced by not modeling the extension of Vela Jr. and were removed
from our model of the sky.
With this model of the background, 2FGL J0851.7−4635 was found to have an ex-
tension of σ = 1.◦15± 0.◦08stat± 0.◦02sys with TSext = 86.8. The LAT size matches well
the TeV morphology of Vela Jr. While fitting the extension of 2FGL J0851.7−4635, we
iteratively relocalized the position of the nearby point-like 2FGL source 2FGL J0854.7−4501
to (l, b) = (266.◦24, 0.◦49) to better fit its position at high energies.
6.4.3 2FGL J1615.0−5051
2FGL J1615.0−5051 and 2FGL J1615.2−5138 were both found to be extended source
candidates in the 10 GeV to 100 GeV energy range. Because they are less than 1◦ away
from each other, they needed to be analyzed simultaneously. 2FGL J1615.0−5051 is
spatially coincident with the extended TeV source HESS J1616−508 and 2FGL J1615.2−5138
is coincident with the extended TeV source HESS J1614−518. Figure 6.5 shows a
counts map of these sources and overlays the TeV contours of HESS J1616−508 and
HESS J1614−518 (Aharonian et al. 2006e). The figure shows that the 2FGL source
2FGL J1614.9−5212 is very close to 2FGL J1615.2−5138 and correlates with the same
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Figure 6.4 A diffuse-emission-subtracted 10 GeV to 100 GeV counts map of
2FGL J0851.7−4635 smoothed by a 0.◦25 2D Gaussian kernel. The triangular marker
(colored red in the electronic version) represents the 2FGL position of this source. The
plus-shaped marker and the circle (colored red) are the best fit position and extension
of this source assuming a radially-symmetric uniform disk model. The three black
crosses represent background 2FGL sources. The three star-shaped markers (col-
ored green) represent other 2FGL sources that were removed from the background
model. They are (from left to right) 2FGL J0853.5−4711, 2FGL J0855.4−4625, and
2FGL J0848.5−4535. The circular and square-shaped marker (colored blue) repre-
sents the 2FGL and relocalized position of another 2FGL source. This extended
source is spatially coincident with the Vela Jr. SNR. The contours (colored light
blue) correspond to the TeV image of Vela Jr. (Aharonian et al. 2007c).
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Figure 6.5 A diffuse-emission-subtracted 10 GeV to 100 GeV counts map of
2FGL J1615.0−5051 (upper left) and 2FGL J1615.2−5138 (lower right) smoothed by
a 0.◦1 2D Gaussian kernel. The triangular markers (colored red in the electronic
version) represent the 2FGL positions of these sources. The cross-shaped markers
and the circles (colored red) represent the best fit positions and extensions of these
sources assuming a radially symmetric uniform disk model. The two black crosses
represent background 2FGL sources and the star-shaped marker (colored green) rep-
resents 2FGL J1614.9-5212, another 2FGL source that was removed from the back-
ground model. The contours (colored light blue) correspond to the TeV image of
HESS J1616−508 (left) and HESS J1614−518 (right) (Aharonian et al. 2006e).
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extended TeV source as 2FGL J1615.2−5138. We concluded that this source was in-
cluded in the 2FGL catalog to compensate for residuals induced by not modeling the
extension of 2FGL J1615.2−5138 and removed it from our model of the sky.
With this model of the sky, we iteratively fit the extensions of 2FGL J1615.0−5051
and 2FGL J1615.2−5138. 2FGL J1615.0−5051 was found to have an extension σ =
0.◦32± 0.◦04stat ± 0.◦01sys and TSext =16.7.
The TeV counterpart of 2FGL J1615.0−5051 was fit with a radially-symmetric
Gaussian surface brightness profile with σ = 0.◦136± 0.◦008 (Aharonian et al. 2006e).
This TeV size corresponds to a 68% containment radius of r68 = 0.
◦21 ± 0.◦01, com-
parable to the LAT size r68 = 0.
◦26 ± 0.◦03. Figure 6.8 shows that the spectrum of
2FGL J1615.0−5051 at GeV energies connects to the spectrum of HESS J1616−508
at TeV energies.
HESS J1616−508 is located in the region of two SNRs RCW103 (G332.4-04) and
Kes 32 (G332.4+0.1) but is not spatially coincident with either of them (Aharonian
et al. 2006e). HESS J1616−508 is near three pulsars PSR J1614−5048, PSR J1616−5109,
and PSR J1617−5055. (Torii et al. 1998; Landi et al. 2007a). Only PSR J1617−5055
is energetically capable of powering the TeV emission and Aharonian et al. (2006e)
speculated that HESS J1616−508 could be a PWN powered by this young pulsar.
Because HESS J1616−508 is 9′ away from PSR J1617−5055, this would require an
asymmetric X-ray PWNe to power the TeV emission. Chandra ACIS observations
revealed an underluminous PWN of size ∼ 1′ around the pulsar that was not oriented
towards the TeV emission, rendering this association uncertain (Kargaltsev et al.
2008). No other promising counterparts were observed at X-ray and soft γ-ray ener-
gies by Suzaku (Matsumoto et al. 2007), Swift/XRT, IBIS/ISGRBI, BeppoSAX and
XMM-Newton (Landi et al. 2007a). Kargaltsev et al. (2008) discovered additional
diffuse emission towards the center of HESS J1616−508 using archival radio and in-
fared observations. Deeper observations will likely be necessary to understand this
γ-ray source.
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6.4.4 2FGL J1615.2−5138
2FGL J1615.2−5138 was found to have an extension σ = 0.◦42±0.◦04stat±0.02sys with
TSext = 46.5. To test for the possibility that 2FGL J1615.2−5138 is not spatially
extended but instead composed of two point-like sources (one of them represented
in the 2FGL catalog by 2FGL J1614.9−5212), we refit 2FGL J1615.2−5138 as two
point-like sources. Because TS2pts = 35.1 is less than TSext = 46.5, we conclude that
this emission does not originate from two closely-spaced point-like sources.
2FGL J1615.2−5138 is spatially coincident with the extended TeV source HESS J1614−518.
H.E.S.S. measured a 2D Gaussian extension of σ = 0.◦23±0.◦02 and σ = 0.◦15±0.◦02 in
the semi-major and semi-minor axis. This corresponds to a 68% containment size of
r68 = 0.
◦35±0.◦03 and 0.◦23±0.◦03, consistent with the LAT size r68 = 0.◦34±0.◦03. Fig-
ure 6.8 shows that the spectrum of 2FGL J1615.2−5138 at GeV energies connects to
the spectrum of HESS J1614−518 at TeV energies. Further data collected by H.E.S.S.
in 2007 resolve a double peaked structure at TeV energies but no spectral variation
across this source, suggesting that the emission is not the confusion of physically
separate sources (Rowell et al. 2008). This double peaked structure is also hinted at
in the LAT counts map in Figure 6.5 but is not very significant. The TeV source was
also detected by CANGAROO-III (Mizukami et al. 2011).
There are five nearby pulsars, but none are luminous enough to provide the energy
output required to power the γ-ray emission (Rowell et al. 2008). HESS J1614−518
is spatially coincident with a young open cluster Pismis 22 (Landi et al. 2007b;
Rowell et al. 2008). Suzaku detected two promising X-ray candidates. Source A
is an extended source consistent with the peak of HESS J1614−518 and source B
coincident with Pismis 22 and towards the center but in a relatively dim region of
HESS J1614−518 (Matsumoto et al. 2008). Three hypotheses have been presented to
explain this emission: either source A is an SNR powering the γ-ray emission; source
A is a PWN powered by an undiscovered pulsar in either source A or B; and finally
that the emission may arise from hadronic acceleration in the stellar winds of Pismis
22 (Mizukami et al. 2011).
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Figure 6.6 A diffuse-emission-subtracted 1 GeV to 100 GeV counts map of (a) the
region around 2FGL J1627.0−2425 smoothed by a 0.◦1 2D Gaussian kernel and (b)
with the emission from 2FGL J1625.7−2526 subtracted. The triangular marker (col-
ored red in the online version) represents the 2FGL position of this source. The
plus-shaped marker and the circle (colored red) represent the best fit position and
extension of this source assuming a radially-symmetric uniform disk model and the
black cross represents a background 2FGL source. The contours in (a) correspond to
the 100 µm image observed by IRAS (Young et al. 1986). The contours in (b) corre-
spond to CO (J = 1 → 0) emission integrated from −8 km s−1 to 20 km s−1. They
are from de Geus et al. (1990), were cleaned using the moment-masking technique
(Dame 2011), and have been smoothed by a 0.◦25 2D Gaussian kernel.
2FGL J1627.0−2425c was found by our search to have an extension σ = 0.◦42 ±
0.◦05stat ± 0.◦16sys with TSext = 32.4 using photons with energies between 1 GeV and
100 GeV. Figure 6.6 shows a counts map of this source.
This source is in a region of remarkably complicated diffuse emission. Even though
it is 16◦ from the Galactic plane, this source is on top of the core of the Ophiuchus
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molecular cloud which contains massive star-forming regions that are bright in in-
frared. The region also has abundant molecular and atomic gas traced by CO and
H I and significant dark gas found only by its association with dust emission (Gre-
nier et al. 2005). Embedded star-forming regions make it even more challenging to
measure the column density of dust. Infared and CO (J = 1→ 0) contours are over-
laid on Figure 6.6 and show good spatial correlation with the GeV emission (Young
et al. 1986; de Geus et al. 1990). This source might represent γ-ray emission from the
interactions of cosmic rays with interstellar gas which has not been accounted for in
the LAT diffuse emission model.
6.4.6 2FGL J1632.4−4753c
2FGL J1632.4−4753c was found by our search to be an extended source candidate
in the 10 GeV to 100 GeV energy range but is in a crowded region of the sky. It
is spatially coincident with the TeV source HESS J1632−478. Figure 6.7a shows a
counts map of this source and overlays TeV contours of HESS J1632−478 (Aharo-
nian et al. 2006e). There are six nearby point-like 2FGL sources that appear to
represent physically distinct sources and were included in our background model:
2FGL J1630.2−4752, 2FGL J1631.7−4720c, 2FGL J1632.4−4820c, 2FGL J1635.4−4717c,
2FGL J1636.3−4740c, and 2FGL J1638.0−4703c. On the other hand, one point-like
2FGL source 2FGL J1634.4−4743c correlates with the extended TeV source and at
GeV energies does not appear physically separate. It is very close to the position
of 2FGL J1632.4−4753c and does not show spatially separated emission in the ob-
served photon distribution. We therefore removed this source from our model of
the background. Figure 6.7b shows the same region with the background sources
subtracted. With this model, 2FGL J1632.4−4753c was found to have an exten-
sion σ = 0.◦35 ± 0.◦04stat ± 0.◦02sys with TSext = 26.9. While fitting the extension
of 2FGL J1632.4−4753c, we iteratively relocalized 2FGL J1635.4−4717c to (l, b) =
(337.◦23, 0.◦35) and 2FGL J1636.3−4740c to (l, b) = (336.◦97,−0.◦07).
H.E.S.S. measured an extension of σ = 0.◦21 ± 0.◦05 and 0.◦06 ± 0.◦04 along the
semi-major and semi-minor axes when fitting HESS J1632−478 with an elliptical 2D
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Figure 6.7 A diffuse-emission-subtracted 10 GeV to 100 GeV counts map of
2FGL J1632.4−4753c (a) smoothed by a 0.◦1 2D Gaussian kernel and (b) with the
emission from the background sources subtracted. The triangular marker (colored
red in the electronic version) represents the 2FGL position of this source. The plus-
shaped marker and the circle (colored red) are the best fit position and extension of
2FGL J1632.4−4753c assuming a radially-symmetric uniform disk model. The four
black crosses represent background 2FGL sources subtracted in (b). The circular
and square-shaped markers (colored blue) represent the 2FGL and relocalized posi-
tions respectively of two additional background 2FGL sources subtracted in (b). The
star-shaped marker (colored green) represents 2FGL J1634.4−4743c, another 2FGL
source that was removed from the background model. The contours (colored light
blue) correspond to the TeV image of HESS J1632−478 (Aharonian et al. 2006e).
CHAPTER 6. SEARCH FOR SPATIALLY-EXTENDED LAT SOURCES 110
10−6
10−5
E
2
d
N
/d
E
(M
eV
cm
−2
s−
1
) (a) HESS J1616−508 (b) HESS J1614−518
LAT
H.E.S.S
104 105 106 107
Energy (MeV)
10−6
10−5
E
2
d
N
/d
E
(M
eV
cm
−2
s−
1
) (c) HESS J1632−478
104 105 106 107
Energy (MeV)
(d) HESS J1837−069
Figure 6.8 The spectral energy distribution of four extended sources associated
with unidentified extended TeV sources. The black points with circular mark-
ers are obtained by the LAT. The points with plus-shaped markers (colored red
in the electronic version) are for the associated H.E.S.S. sources. (a) the LAT
SED of 2FGL J1615.0−5051 together with the H.E.S.S. SED of HESS J1616−508.
(b) 2FGL J1615.2−5138 and HESS J1614−518. (c) 2FGL J1632.4−4753c and
HESS J1632−478. (d) 2FGL J1837.3−0700c and HESS J1837−069. The H.E.S.S.
data points are from (Aharonian et al. 2006e). Both LAT and H.E.S.S. spectral
errors are statistical only.
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Gaussian surface brightness profile. This corresponds to a 68% containment size
r68 = 0.
◦31 ± 0.◦08 and 0.◦09 ± 0.◦06 along the semi-major and semi-minor axis, con-
sistent with the LAT size r68 = 0.
◦29 ± 0.◦04. Figure 6.8 shows that the spectrum of
2FGL J1632.4−4753c at GeV energies connects to the spectrum of HESS J1632−478
at TeV energies.
Aharonian et al. (2006e) argued that HESS J1632−478 is positionally coincident
with the hard X-ray source IGR J1632−4751 observed by ASCA, INTEGRAL, and
XMM-Newton (Sugizaki et al. 2001; Tomsick et al. 2003; Rodriguez et al. 2003),
but this source is suspected to be a Galactic X-Ray Binary so the γ-ray extension
disfavors the association. Further observations by XMM-Newton discovered point-
like emission coincident with the peak of the H.E.S.S. source surrounded by extended
emission of size ∼ 32′′ × 15′′ (Balbo et al. 2010). They found in archival MGPS-2
data a spatially coincident extended radio source (Murphy et al. 2007) and argued for
a single synchrotron and inverse Compton process producing the radio, X-ray, and
TeV emission, likely due to a PWN. The increased size at TeV energies compared
to X-ray energies has previously been observed in several aging PWNe including
HESS J1825−137 (Gaensler et al. 2003; Aharonian et al. 2006c), HESS J1640−465
(Aharonian et al. 2006e; Funk et al. 2007), and Vela X (Markwardt & Ogelman 1995;
Aharonian et al. 2006d) and can be explained by different synchrotron cooling times
for the electrons that produce X-rays and γ-rays.
6.4.7 2FGL J1712.4−3941
2FGL J1712.4−3941 was found by our search to be spatially extended using photons
with energies between 1 GeV and 100 GeV. This source is spatially coincident with the
SNR RX J1713.7−3946 and was recently studied by the LAT Collaboration in Abdo
et al. (2011b). To avoid issues related to uncertainties in the nearby Galactic diffuse
emission at lower energy, we restricted our analysis only to energies above 10 GeV.
Figure 6.9 shows a smoothed counts map of the source. Above 10 GeV, the GeV
emission nicely correlates with the TeV contours of RX J1713.7−3946 (Aharonian
et al. 2007d) and 2FGL J1712.4−3941 fit to an extension σ = 0.◦56± 0.◦04stat± 0.◦02sys
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Figure 6.9 A diffuse-emission-subtracted 10 GeV to 100 GeV counts map of
2FGL J1712.4−3941 (a) smoothed by a 0.◦15 2D Gaussian kernel and (b) with the
emission from the background sources subtracted. This source is spatially coincident
with RX J1713.7−3946 and was recently studied in Abdo et al. (2011b). The trian-
gular marker (colored red in the online version) represents the 2FGL position of this
source. The plus-shaped marker and the circle (colored red) are the best fit position
and extension of this source assuming a radially symmetric uniform disk model. The
two black crosses represent background 2FGL sources subtracted in (b). The contours
(colored light blue) correspond to the TeV image (Aharonian et al. 2007d).
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with TSext = 38.5.
6.4.8 2FGL J1837.3−0700c
2FGL J1837.3−0700c was found by our search to be an extended source candidate
in the 10 GeV to 100 GeV energy range and is spatially coincident with the TeV
source HESS J1837−069. This source is in a complicated region. Figure 6.10a shows a
smoothed counts map of the region and overlays the TeV contours of HESS J1837−069
(Aharonian et al. 2006e). There are two very nearby point-like 2FGL sources, 2FGL J1836.8−0623c
and 2FGL J1839.3−0558c, that clearly represent distinct sources. On the other hand,
there is another source 2FGL J1835.5−0649 located between the three sources that
appears to correlate with the TeV morphology of HESS J1837−069 but at GeV en-
ergies does not appear to represent a physically distinct source. We concluded that
this source was included in the 2FGL catalog to compensate for residuals induced by
not modeling the extension of this source and removed it from our model of the sky.
Figure 6.10b shows a counts map of this region after subtracting these background
sources. After removing 2FGL J1835.5−0649, we tested for source confusion by fit-
ting 2FGL J1837.3−0700c instead as two point-like sources. Because TS2pts = 10.8 is
less than TSext = 18.5, we conclude that this emission does not originate from two
nearby point-like sources.
With this model, 2FGL J1837.3−0700c was found to have an extension σ =
0.◦33 ± 0.◦07stat ± 0.◦05sys. While fitting the extension of 2FGL J1837.3−0700c, we
iteratively relocalized the two closest background sources along with the extension of
2FGL J1837.3−0700c but their positions did not significantly change. 2FGL J1834.7−0705c
moved to (l, b) = (24.◦77, 0.◦50), 2FGL J1836.8−0623c moved to (l, b) = (25.◦57, 0.◦32).
H.E.S.S. measured an extension of σ = 0.◦12±0.◦02 and 0.◦05±0.◦02 of the coincident
TeV source HESS J1837−069 along the semi-major and semi-minor axis when fitting
this source with an elliptical 2D Gaussian surface brightness profile. This corresponds
to a 68% containment radius of r68 = 0.
◦18 ± 0.◦03 and 0.◦08 ± 0.◦03 along the semi-
major and semi-minor axis. The size is not significantly different from the LAT
68% containment radius of r68 = 0.
◦27 ± 0.◦07 (less than 2σ). Figure 6.8 shows that
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Figure 6.10 A diffuse-emission-subtracted 10 GeV to 100 GeV counts map of the
region around 2FGL J1837.3−0700c (a) smoothed by a 0.◦15 2D Gaussian kernel
and (b) with the emission from the background sources subtracted. The triangular
marker (colored red in the online version) represents the 2FGL position of this source.
The plus-shaped marker and the circle (colored red) represent the best fit position
and extension of 2FGL J1837.3−0700c assuming a radially-symmetric uniform disk
model. The circular and square-shaped markers (colored blue) represent the 2FGL
and the relocalized positions respectively of two background 2FGL sources subtracted
in (b). The star-shaped marker (colored green) represents 2FGL J1835.5−0649, an-
other 2FGL source that was removed from the background model. The contours
(colored light blue) correspond to the TeV image of HESS J1837−069 (Aharonian
et al. 2006e). The diamond-shaped marker (colored orange) represents the position
of PSR J1838−0655 and the hexagonal-shaped marker (colored purple) represents the
position AX J1837.3−0652 (Gotthelf & Halpern 2008).
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the spectrum of 2FGL J1837.3−0700c at GeV energies connects to the spectrum of
HESS J1837−069 at TeV energies.
HESS J1837−069 is coincident with the hard and steady X-ray source AX J1838.0−0655
(Bamba et al. 2003). This source was discovered by RXTE to be a pulsar (PSR J1838-
0655) sufficiently luminous to power the TeV emission and was resolved by Chandra
to be a bright point-like source surrounded by a ∼ 2′ nebula (Gotthelf & Halpern
2008). The γ-ray emission may be powered by this pulsar. The hard spectral index
and spatial extension of 2FGL J1837.3−0700c disfavor a pulsar origin of the LAT
emission and suggest instead that the GeV and TeV emission both originate from
the pulsar’s wind. There is another X-ray point-like source AX J1837.3−0652 near
HESS J1837−069 (Bamba et al. 2003) that was also resolved into a point-like and
diffuse component (Gotthelf & Halpern 2008). Although no pulsations have been
detected from it, it could also be a pulsar powering some of the γ-ray emission.
6.4.9 2FGL J2021.5+4026
The source 2FGL J2021.5+4026 is associated with the γ-Cygni SNR and has been
speculated to originate from the interaction of accelerated particles in the SNR
with dense molecular clouds (Pollock 1985; Gaisser et al. 1998). This association
was disfavored when the GeV emission from this source was detected to be pulsed
(PSR J2021+4026, Abdo et al. 2010e). This pulsar was also observed by AGILE
(Chen et al. 2011).
Looking at the same region at energies above 10 GeV, the pulsar is no longer sig-
nificant but we instead found in our search an extended source candidate. Figure 6.11
shows a counts map of this source and overlays radio contours of γ-Cygni from the
Canadian Galactic Plane Survey (Taylor et al. 2003). There is good spatial overlap
between the SNR and the GeV emission.
There is a nearby source 2FGL J2019.1+4040 that correlates with the radio emis-
sion of γ-Cygni and at GeV energies does not appear to represent a physically distinct
source. We concluded that it was included in the 2FGL catalog to compensate for
residuals induced by not modeling the extension of γ-Cygni and removed it from
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Figure 6.11 A diffuse-emission-subtracted 10 GeV to 100 GeV counts map of the
region around 2FGL J2021.5+4026 smoothed by a 0.◦1 2D Gaussian kernel. The tri-
angular marker (colored red in the online version) represents the 2FGL position of
this source. The plus-shaped marker and the circle (colored red) represent the best fit
position and extension of 2FGL J2021.5+4026 assuming a radially-symmetric uniform
disk model. The star-shaped marker (colored green) represents 2FGL J2019.1+4040,
a 2FGL source that was removed from the background model. 2FGL J2021.5+4026
is spatially coincident with the γ-Cygni SNR. The contours (colored light blue) cor-
respond to the 408MHz image of γ-Cygni observed by the Canadian Galactic Plane
Survey (Taylor et al. 2003).
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Figure 6.12 The spectral energy distribution of the extended sources Puppis A
(2FGL J0823.0−4246) and γ-Cygni (2FGL J2021.5+4026). The lines (colored red in
the online version) are the best fit power-law spectral models of these sources. Puppis
A has a spectral index of 2.21 ± 0.09 and γ-Cygni has an index of 2.42 ± 0.19. The
spectral errors are statistical only. The upper limit is at the 95% confidence level.
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our model of the sky. With this model, 2FGL J2021.5+4026 was found to have an
extension σ = 0.◦63 ± 0.◦05stat ± 0.◦04sys with TSext = 128.9. Figure 6.12 shows its
spectrum. The inferred size of this source at GeV energies well matches the radio size
of γ-Cygni. Milagro detected a 4.2σ excess at energies ∼ 30 TeV from this location
(Abdo et al. 2009e,f). VERITAS also detected an extended source VER J2019+407
coincident with the SNR above 200 GeV and suggested that the TeV emission could
be a shock-cloud interaction in γ-Cygni (Weinstein & for the VERITAS Collaboration
2009).
6.5 Discussion
Twelve extended sources were included in the 2FGL catalog and two additional ex-
tended sources were studied in dedicated publications. Using 2 years of LAT data
and a new analysis method, we presented the detection of seven additional extended
sources. We also reanalyzed the spatial extents of the twelve extended sources in the
2FGL catalog and the two additional sources. The 21 extended LAT sources are lo-
cated primarily along the Galactic plane and their locations are shown in Figure 6.13.
Most of the LAT-detected extended sources are expected to be of Galactic origin as
the distances of extragalactic sources (with the exception of the local group Galaxies)
are typically too large to be able to resolve them at γ-ray energies.
For the LAT extended sources also seen at TeV energies, Figure 6.14 shows that
there is a good correlation between the sizes of the sources at GeV and TeV energies.
Even so, the sizes of PWNe are expected to vary across the GeV and TeV energy
range and the size of HESS J1825−137 is significantly larger at GeV than TeV energies
(Grondin et al. 2011). It is interesting to compare the sizes of other PWN candidates
at GeV and TeV energies, but definitively measuring a difference in size would require
a more in-depth analysis of the LAT data using the same elliptical Gaussian spatial
model.
Figure 6.15 compares the sizes of the 21 extended LAT sources to the 42 extended
H.E.S.S. sources.2 Because of the large field of view and all-sky coverage, the LAT
2The TeV extension of the 42 extended H.E.S.S. sources comes from the H.E.S.S. Source Catalog
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Figure 6.13 The 21 spatially extended sources detected by the LAT at GeV energies
with 2 years of data. The twelve extended sources included in 2FGL are represented
by the circular markers (colored red in the online version). The nine new extended
sources are represented by the triangular markers (colored orange). The source posi-
tions are overlaid on a 100 MeV to 100 GeV Aitoff projection sky map of the LAT
data in Galactic coordinates.
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Figure 6.14 A comparison of the sizes of extended sources detected at both GeV and
TeV energies. The TeV sizes of W30, 2FGL J1837.3−0700c, 2FGL J1632.4−4753c,
2FGL J1615.0−5051, and 2FGL J1615.2−5138 are from Aharonian et al. (2006e). The
TeV sizes of MSH 15−52, HESS J1825−137, Vela X, Vela Jr., RX J1713.7−3946 and
W28 are from Aharonian et al. (2005a, 2006c,d, 2007c,d, 2008a). The TeV size of
IC 443 is from Acciari et al. (2009) and W51C is from Krause et al. (2011). The
TeV sizes of MSH 15−52, HESS J1614−518, HESS J1632−478, and HESS J1837−069
have only been reported with an elliptical 2D Gaussian fit and so the plotted sizes are
the geometric mean of the semi-major and semi-minor axis. The LAT extension of
Vela X is from Abdo et al. (2010). The TeV sources were fit assuming a 2D Gaussian
surface brightness profile so the plotted GeV and TeV extensions were first converted
to r68 (see Section 5.2.4). Because of their large sizes, the shape of RX J1713.7−3946
and Vela Jr. were not directly fit at TeV energies and so are not included in this
comparison. On the other hand, dedicated publications by the LAT collaboration
on these sources showed that their morphologies are consistent (Abdo et al. 2011b;
Tanaka et al. 2011). The LAT extension errors are the statistical and systematic
errors added in quadrature.
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Figure 6.15 The distributions of the sizes of 18 extended LAT sources at GeV energies
(colored blue in the electronic version) and the sizes of the 40 extended H.E.S.S.
sources at TeV energies (colored red). The H.E.S.S. sources were fit with a 2D
Gaussian surface brightness profile so the LAT and H.E.S.S. sizes were first converted
to r68. The GeV size of Vela X is taken from Abdo et al. (2010). Because of their large
sizes, the shape of RX J1713.7−3946 and Vela Jr. were not directly fit at TeV energies
and are not included in this comparison. Centaurus A is not included because of its
large size.
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can more easily measure larger sources. On the other hand, the better angular reso-
lution of IACTs allows them to measure a population of extended sources below the
resolution limit of the LAT (currently about ∼ 0.◦2). Fermi has a 5 year nominal
mission lifetime with a goal of 10 years of operation. As Figure 5.10 shows, the low
background of the LAT at high energies allows its sensitivity to these smaller sources
to improve by a factor greater than the square root of the relative exposures. With
increasing exposure, the LAT will likely begin to detect and resolve some of these
smaller TeV sources.
Figure 6.16 compares the spectral indices of LAT detected extended sources and
of all sources in the 2FGL catalog. This, and Table 6.1 and Table 6.3, show that
the LAT observes a population of hard extended sources at energies above 10 GeV.
Figure 6.8 shows that the spectra of four of these sources (2FGL J1615.0−5051,
2FGL J1615.2−5138, 2FGL J1632.4−4753c, and 2FGL J1837.3−0700c) at GeV en-
ergies connects to the spectra of their H.E.S.S. counterparts at TeV energies. This is
also true of Vela Jr., HESS J1825−137 (Grondin et al. 2011), and RX J1713.7−3946
(Abdo et al. 2011b). It is likely that the GeV and TeV emission from these sources
originates from the same population of high-energy particles.
Many of the TeV-detected extended sources now seen at GeV energies are currently
unidentified and further multiwavelength follow-up observations will be necessary to
understand these particle accelerators. Extending the spectra of these TeV sources
towards lower energies with LAT observations may help to determine the origin and
nature of the high-energy emission.
http://www.mpi-hd.mpg.de/hfm/HESS/pages/home/sources/.
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Figure 6.16 The distribution of spectral indices of the 1873 2FGL sources (colored
red in the electronic version) and the 21 spatially extended sources (colored blue).
The index of Centaurus A is taken from Nolan et al. (2012) and the index of Vela X
is taken from Abdo et al. (2010).
Chapter 7
Search for PWNe Associated with
Gamma-loud Pulsars
This chapter is based on section seven “Unpulsed Magnetospheric Emis-
sion” from the paper “The Second Fermi Large Area Telescope Catalog of
Gamma-ray Pulsars” (Abdo et al. in prep).
Some pulsars have magnetospheric emission over their full rotation phase with
similar spectral characteristics to the emission seen through their peaks. This emission
appears in the observed light curves as a low-level, unpulsed component above the
estimated background level (i.e., not attributable to diffuse emission or nearby point
sources) and can be a powerful discriminator for the emission models.
On the other hand a PWN around the pulsar, or a photon excess due to im-
precise knowledge of diffuse emission around the pulsar, would not be modulated at
the rotational period and could be confused with a constant magnetospheric signal.
Including the discovery of the GeV PWN 3C 58 associated with PSR J0205+6449
described in this section, the LAT sees 17 sources potentially associated with PWNe
at GeV energies (Acero et al. in prep.). Some are highlighted in Section 7.4. This
off-peak emission should be properly modeled when searching for pulsar emission at
all rotation phases.
We can discriminate between these two possible signals through spectral and spa-
tial analysis. If the emission is magnetospheric, it is more likely to appear as a
124
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non-variable point source with an exponentially cutoff spectrum with a well-known
range of cutoff energies. On the other hand, PWNe and diffuse excesses have spectra
with a power-law shape and either a hard index continuing up to tens of GeV in the
PWN case or present only at lower energies with a very soft index in the diffuse case.
In addition, PWNe are often spatially resolvable at GeV energies (e.g., Vela-X has
been spatially resolved with the LAT and AGILE and HESS J1825−137 with the
LAT; Abdo et al. 2010; Pellizzoni et al. 2010; Grondin et al. 2011, respectively) so an
extended source would argue against a magnetospheric origin of the emission. How-
ever, given the finite angular resolution of the LAT not all PWNe will appear spatially
extended at GeV energies. The Crab Nebula, for instance, cannot be resolved by the
LAT but can be distinguished from the gamma-bright Crab pulsar, in the off-peak
interval, by its hard spectrum above ∼1 GeV (Abdo et al. 2010e). In addition, GeV
emission from the Crab Nebula was discovered to be time-variable (e.g., Abdo et al.
2011a) providing another possible way to discern the nature of any observed off-peak
signal.
Therefore, to identify pulsars with magnetospheric emission across the entire ro-
tation, we define and search the off-peak intervals of the pulsars in this catalog for
significant emission, except PSR J2215+5135 for which the rotation ephemeris covers
a short time interval and the profile is noisy. We then evaluate the spectral and spatial
characteristics of any off-peak emission to determine if it is likely magnetospheric, re-
lated to the pulsar wind, or physically unrelated to the pulsar (e.g., unmodeled diffuse
emission).
7.1 Off-peak Phase Selection
We first developed a systematic, model-independent, and computationally-efficient
method to define the off-peak interval of a pulsar light curve.
We begin by deconstructing the light curve into simple Bayesian Blocks using the
algorithm described in Jackson et al. (2005) and Scargle et al. (2013). We could
not apply the Bayesian Block algorithm to the weighted-counts light curves because
they do not follow Poisson statistics, required by the algorithm. We therefore use
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an unweighted-counts light curve in which the angular radius and minimum energy
selection have been varied to maximize the H-test statistic. To produce Bayesian
Blocks on a periodic light curve, we extend the data over three rotations, by copying
and shifting the observed phases to cover the phase range from −1 to 2. We do,
however, define the final blocks to be between phases 0 and 1. To avoid potential
contamination from the trailing or leading edges of the peaks, we reduce the extent
of the block by 10% on either side, referenced to the center of the block.
There is one free parameter in the Bayesian Block algorithm called ncpprior which
modifies the probability that the algorithm will divide a block into smaller intervals.
We found that, in most cases, setting ncpprior = 8 protects against the Bayesian Block
decomposition containing unphysically small blocks. For a few marginally-detected
pulsars, the algorithm failed to find more than one block and we had to decrease
ncpprior until the algorithm found a variable light curve. Finally, for a few pulsars the
Bayesian-block decomposition of the light curves failed to model weak peaks found by
the light-curve fitting method presented in (Abdo et al. in prep) or extended too far
into the other peaks. For these pulsars, we conservatively shrink the off-peak region.
For some pulsars, the observed light curve has two well-separated peaks with no
significant bridge emission, which leads to two well-defined off-peak intervals. We
account for this possibility by finding the second-lowest Bayesian block and accepting
it as a second off-peak interval if the emission is consistent with that in the lowest
block (at the 99% confidence level) and if the extent of the second block is at least
half that of the first block.
Figure 7.1 shows the energy-and-radius optimized light curves, the Bayesian block
decompositions, and the off-peak intervals for six pulsars. (Abdo et al. in prep)
overlay off-peak intervals over the weighted light curves of several pulsars. The off-
peak intervals for all pulsars are given in (Abdo et al. in prep).
7.2 Off-peak Analysis Method
Characterizing both the spatial and spectral characteristics of any off-peak emission
helps discern its origin. We employ a somewhat different analysis procedure here than
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Figure 7.1 The energy-and-radius optimized light curve, Bayesian block decompo-
sition of the light curve, and off-peak interval for (a) PSR J0007+7303, (b) PSR
J0205+6449, (c) PSR J1410−6132, (d) PSR J1747−2958, (e) PSR J2021+4026, and
(f) PSR J2124−3358. The black histograms represent the light curves, the gray lines
(colored red in the electronic version) represent the Bayesian block decompositions of
the pulsar light curves, and the hatched areas represent the off-peak intervals selected
by this method.
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for the phase-averaged analysis described in (Abdo et al. in prep). To evaluate the
spatial characteristics of any off-peak emission we use the likelihood fitting package
pointlike (detailed in Lande et al. 2012), and to fit the spectrum we use gtlike in
binned mode via pyLikelihood as was done for the phase-averaged analysis.
For each pulsar we start from the same temporal and spatial event selections
described in (Abdo et al. in prep) but we increase the maximum energy to 400 GeV
(the highest event energy for any ROI under this selection is ∼316 GeV). For the
pointlike analysis we further select a 10◦ radius ROI and for gtlike a 14◦ × 14◦
square ROI, both centered on the pulsar position. Finally, we only consider photons
with pulse phases within the corresponding off-peak interval.
We search for off-peak emission assuming a point source and (except for the Crab
Nebula and Vela-X, described below) a power-law spectral model. We fit the position
of this putative off-peak source using pointlike as described by Nolan et al. (2012)
and then use the best-fit position in a spectral analysis with gtlike. From the
spectral analysis we require TS ≥ 25 (just over 4σ) to claim a detection. If TS < 25,
we compute upper limits on the flux in the energy range from 100 MeV to 316 GeV
assuming a power law with photon index fixed to 2.0 and a PLEC1 model with Γ = 1.7
and Ecut = 3 GeV.
The spectrum of the Crab Nebula (associated with PSR J0534+2200) is uniquely
challenging because the GeV spectrum contains both a falling synchrotron and a
rising inverse Compton component (Abdo et al. 2010e). For this particular source
we used the best-fit two-component spectral model from Buehler et al. (2012) and
fit only the overall normalization of the source. In addition, for Vela-X (associated
with PSR J0835-4510) we took the best-fit spectral model from Grondin et al. (2013)
and fit only the overall normalization of this source. This spectrum has a smoothly
broken power law spectral model and was fit assuming Vela-X to have an elliptical
disk spatial model.
If the off-peak source is significant, we test whether the spectrum shows evidence
for a cutoff, as described in Ackermann et al. (2011a), assuming the source is at the
pulsar position. We say that the off-peak emission shows evidence for a cutoff if
TScut ≥ 9, corresponding to a 3σ detection.
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For a significant off-peak point source, we use pointlike to test if the emission is
significantly extended. We assume a radially-symmetric Gaussian source and fit the
position and extension parameter (σ) as described in Lande et al. (2012). The best-fit
extended source parameters are then given to gtlike, which is used to fit the spectral
parameters and the significance of the extension over a point source, TSext, evaluated
as described in Lande et al. (2012). That paper established that TSext ≥ 16 means
highly probable source extension. In the present work we aim only to flag possible
extension, and use TSext ≥ 9.
To test for variability, even without significant emission over the 3-year time range,
we divide the dataset into 36 intervals and fit the point-source flux independently in
each interval, computing TSvar as in 2FGL. For sources with potential magnetospheric
off-peak emission and for regions with no detection, we performed the test at the pul-
sar’s position. Otherwise, we test at the best-fit position. The off-peak emission is
said to show evidence for variability if TSvar ≥ 91.7, corresponding to a 4σ signifi-
cance. As noted in (Abdo et al. in prep), our timing solutions for PSRs J0205+6449
and J1838−0537 are not coherent across all three years. For these two pulsars, we
excluded the time ranges without ephemerides and only tested for variability dur-
ing months that were completely covered. For J1838−0537 only one month is lost,
whereas for J0205+6449 the 7% data loss is spread across three separate months. As
a result, TSvar for these pulsars is a conservative estimate of variability significance.
The procedure described above, especially the extension analysis, is particularly
sensitive to sources not included in 2FGL that are near the pulsar of interest, for two
reasons. First, we are using an additional year of data and second, when “turning
off” a bright pulsar nearby, faint sources become more important to the global fit.
Therefore, in many situations we had to run the analysis several times, iteratively im-
proving the model by including new sources, until we removed all TS > 25 residuals.
The final gtlike-formatted XML source model for each off-peak region is included
in the auxiliary material.
There are still, however, pulsars for which we were unable to obtain an unbiased fit
of the off-peak emission, most likely due to inaccuracies in the model of the Galactic
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diffuse emission and incorrectly modeled nearby sources. The most common symp-
tom of a biased fit is an unphysically large extension. In these cases, the extended
source attempts to account for multiple point sources or incorrectly-modeled diffuse
emission, not just the putative off-peak emission. Systematics associated with mod-
eling extended sources are discussed more thoroughly in Lande et al. (2012). For the
purposes of this catalog, we have flagged the pulsars where off-peak analysis suffered
from these issues and do not attempt a complete understanding of the emission.
Observations of magnetospheric off-peak emission can be used to constrain pulsar
geometry. Therefore, it is important to know if off-peak emission that is otherwise
pulsar-like might instead be incorrectly-modeled Galactic diffuse emission. We there-
fore performed a limited study of the systematics associated with our model of the
Galactic diffuse emission.
For sources which otherwise would be classified as magnetospheric, we tested the
significance of the emission assuming eight different Galactic diffuse emission models
as described in de Palma et al. (2013). These models were constructed using a different
model building strategy, vary parameters of the Galactic diffuse emission model, and
have additional degrees of freedom in the fit.
We define TSalt,diff as the minimum test statistic of any of the eight alternate diffuse
models. This test statistic is computed assuming the emission to be pointlike at the
best-fit position and is therefore comparable to TSpoint. For sources which would
otherwise be considered magnetospheric, we flag the emission as potentially spurious
if TSalt,diff < 25. We caution that although this test can help to flag problematic
regions, these models do not probe the entirety of the uncertainty associated with
our model of the Galactic diffuse emission. Therefore, some diffuse emission could
still be incorrectly classified as magnetospheric.
7.3 Off-peak Results
The off-peak intervals of 54 LAT-detected pulsars have been evaluated by Ackermann
et al. (2011a) using 16 months of sky survey observations. This led to the discovery
of PWN-like emission in the off-peak interval of PSR J1023−5746, coincident with
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HESS J1023−575, and identification of 5 pulsars that appear to have near 100% duty
cycles. Our results, summarized in Table 7.1, extend the analysis to 116 pulsars
over 3 years of data. Sample off-peak spectra are shown in Figure 7.2. Using the
procedures outlined in Section 7.1 and Section 7.2, we have identified 34 pulsars that
have significant emission (TS ≥ 25) in their off-peak intervals. We classify the likely
nature of the emission as follows.
If the emission has TScut ≥ 9, we consider the emission to be either magnetospheric
(‘M’) or possibly magnetospheric (‘M*’). As was discussed in Section 7.2, we flag the
emission as ‘M*’ if the source is formally spatially extended (TSext > 16) or if the
source is not robust against varying the diffuse emission models (TSalt,diff < 25). On
consideration of the angular extent of the PSF of the LAT and inaccuracies in the
Galactic diffuse emission model, we caution against considering the ‘M*’ sources to be
definitively classified. If the source is significantly cutoff, not significantly extended,
and is significant when varying the alternative diffuse models, we classify the emission
as ‘M’.
On the other hand, if the emission has TSext ≥ 16, and does not suffer from con-
fusion as discussed at the end of Section 7.2, and/or has a hard photon index, we say
it is likely to originate in the pulsar wind and identify these sources as type ‘W’. The
remaining sources with off-peak emission not satisfying any of the previous criteria
are identified as type ‘U’ to indicate that the nature of the emission is unidentified
and we do not speculate about its origin.
We identify 9 type ‘M’ sources, significantly expanding the number of pulsars
that perhaps have detectable magnetospheric emission across all rotational phases.
One caution is that many of these ‘M’ pulsars, especially the young objects, are
in regions of particularly bright diffuse gamma-ray emission, where small fractional
uncertainties in the level of diffuse emission can account for much of the apparent
unpulsed emission. However, if established as true magnetospheric components, these
will be important test cases for pulsar emission models. In addition, we identify ten
‘M*’-type regions. For type ‘M’ and ‘M*’ sources, we present the best-fit spectral
parameters using a point source at the pulsar’s position with a PLEC1 spectral model
in Table 7.1. For all other sources (except the Crab Nebula described in Section 7.2),
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we present the spectral results using a power-law spectral model and the best-fit
spatial representation.
Additionally, we identified four off-peak emissions consistent with a PWN hy-
pothesis, one of them being a new detection at GeV energies (PSR J0205+6449).
Only one of these four, the previously identified Vela−X PWN (Abdo et al. 2010),
is spatially extended for the LAT. Similarly, we detect six type ‘U’ regions. Three
of these are formally spatially extended but because of the spatial systematics we
assume point-like emission for the spectral analysis.
We mention that for a few sources, the spectral analysis performed here is in
disagreement with the analysis presented in Ackermann et al. (2011a). For soft and
faint sources (including J1044−5737 and J1809−2332), the spectral discrepancy is
mainly caused by our use of a newer Galactic diffuse model. At lower energies,
small changes in the diffuse model can have a significant impact on the analysis of a
region. For bright magnetospheric sources (including J0633+1746 and J2021+4026),
the spectral discrepancy is mainly due to using different phase ranges (see Section 7.1).
Figure 7.3 shows that only a small fraction of the spindown power goes into the
gamma-ray emission from LAT-detected PWNe. Similarly, Abdo et al. (in prep)
includes a plot of
√
E˙/d2 vs τc which shows that the LAT only detects PWNe from
the youngest pulsars with the highest spindown power. GeV emission from the Crab
Nebula is highly time variable (Section 7.2). Indeed, we find TSvar = 373 for the
Crab Nebula; however no other source demonstrated flux variability (all have 16 <
TSvar < 65). Other GeV PWNe may be variable, but the combination of lower fluxes
and less-extreme variations limits our ability identify them as such.
The off-peak results for several interesting sources are presented in Section 7.4.
The complete off-peak search results will be included in the auxiliary information
accompanying Abdo et al. (in prep). For regions where we find TS < 25, the auxiliary
information contains upper limits computed for both a power-law spectral model and
a PLEC1 model with Ecut = 3 GeV and Γ = 1.7. The auxiliary information also
contains TSvar for each off-peak interval.
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Table 7.1. Off-Peak Spatial and Spectral Results
PSR Type TSpoint TSext TScutoff TSalt,diff Energy Flux Γ Ec
(10−11 erg cm−2s−1) (GeV)
Young Pulsars
J0007+7303 U 71.4 10.8 0.0 1.98± 0.26 2.61± 0.14
J0205+6449 W 33.7 0.5 0.0 1.75± 0.68 1.61± 0.21
J0534+2200 W 5247. 0.0 0.3 67.2± 1.6 a
J0631+1036 U 33.1 0.0 5.4 1.70± 0.33 2.38± 0.14
J0633+1746 M 3666. 2.3 239. 3369. 41.4± 1.1 1.37± 0.09 0.93± 0.10
J0734−1559 M* 28.3 12.4 30.8 0.0 1.61± 0.24 0.01± 0.08 0.17± 0.03
J0835−4510 W 473. 283. 22.8 30.3± 1.2 b
J0908−4913 M* 65.1 41.4 60.4 3.1 3.04± 1.07 0.15± 0.59 0.30± 0.01
J1023−5746 M* 59.7 30.0 10.9 72.5 5.35± 1.17 0.57± 0.80 0.49± 0.21
J1044−5737 M* 42.0 98.1 22.4 25.6 3.12± 0.75 0.80± 0.93 0.40± 0.18
J1105−6107 M* 33.3 37.5 21.7 39.4 3.81± 0.77 0.92± 0.56 0.48± 0.22
J1112−6103 U 65.0 71.1 0.9 5.10± 0.74 2.17± 0.09
J1119−6127 U 61.3 1.0 0.9 4.11± 0.63 2.22± 0.09
J1124−5916 M 95.9 0.0 18.2 59.4 2.87± 0.71 1.31± 0.91 1.43± 1.42
J1410−6132 U 27.5 71.2 0.4 4.29± 1.05 1.90± 0.15
J1513−5908 W 102. 3.5 0.0 4.95± 0.83 1.78± 0.12
J1620−4927 M* 28.9 0.5 35.2 0.0 5.25± 0.96 0.35± 0.94 0.57± 0.29
J1746−3239 M* 53.3 34.3 34.2 0.0 3.65± 0.59 0.94± 0.31 0.60± 0.10
J1747−2958 M 45.5 5.4 49.8 50.4 8.41± 2.84 0.02± 0.32 0.28± 0.01
J1809−2332 M* 32.5 13.6 21.9 0.0 4.10± 0.80 0.24± 0.83 0.31± 0.11
J1813−1246 M 62.8 0.0 9.0 49.7 6.31± 1.40 1.60± 0.73 0.99± 0.95
J1836+5925 M 10407. 0.0 365. 10401. 36.9± 0.7 1.47± 0.03 1.98± 0.09
J1838−0537 M* 51.3 32.9 21.9 41.9 8.35± 1.31 1.39± 0.54 2.55± 2.48
J2021+4026 M 1717. 8.7 244. 1978. 64.0± 1.4 1.64± 0.02 1.82± 0.04
J2032+4127 U 53.6 76.1 1.5 4.36± 0.77 2.07± 0.12
J2055+2539 M 123. 0.0 30.0 101. 1.63± 0.19 1.05± 0.28 0.64± 0.12
Millisecond Pulsars
J0034−0534 U 41.0 0.0 6.0 0.82± 0.16 2.40± 0.19
J0102+4839 U 49.7 0.0 7.4 1.29± 0.20 2.51± 0.14
J0218+4232 U 50.1 0.0 6.8 2.13± 0.33 2.72± 0.26
J0340+4130 M* 26.9 0.1 16.3 11.9 0.53± 0.11 0.02± 0.22 0.94± 0.28
J1658−5324 U 42.3 0.0 1.9 1.69± 0.29 2.52± 0.76
J2043+1711 U 52.5 0.0 8.8 1.46± 0.27 2.29± 0.14
J2124−3358 M 129. 0.0 19.8 118. 1.08± 0.15 0.70± 0.51 1.21± 0.49
J2302+4442 M 114. 0.0 9.8 105. 1.45± 0.20 1.54± 0.40 1.61± 0.82
aThe spectral shape of the Crab Nebula was taken from Buehler et al. (2012).
bThe spectral shape of Vela−X was taken from Grondin et al. (2013).
Note. — Off-peak regions with a significant detection of emission. The source classification is ‘M’ for likely mag-
netospheric, ‘M*’ for possibly magnetospheric but with a problematic spatial analysis or in a region with possibly
poorly-modeled Galactic diffuse emission, ‘W’ for likely pulsar wind, and ‘U’ for unidentified. The table includes the
significance of the source (TS), of the source extension (TSext), of a spectral cutoff (TScut), and with the alternative
diffuse models (TSalt,diff). The best-fit energy flux and photon index are computed in the energy range from 100 MeV to
316 GeV. For sources with large TScut, the exponential cutoff energies are presented. The quoted errors are statistical
only. A few sources are discussed in Section 7.4.
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Figure 7.2 Spectral energy distributions for the off-peak phase intervals around (a)
PSR J0007+7303 (b) PSR J0205+6449, (c) PSR J1410−6132, (d) PSR J1747−2958,
(e) PSR J2021+4026, and (f) PSR J2124−3358. We plot a detection in those energy
bands in which the source is found with TS ≥ 4 (a 2σ detection) and report a Bayesian
95% confidence-level upper limit otherwise. The best-fit spectral model, using the full
energy range, is also shown for comparison.
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Figure 7.3 The off-peak luminosity compared to the observed pulsar spindown power.
The luminosity is computed and plotted with the same convention as luminosities in
Abdo et al. (in prep). A luminosity upper limit is plotted when there is no significant
off-peak emission or when there is only a distance upper limit. The star-shaped mark-
ers (colored red in the online version) represent type ‘W’ sources, the square-shaped
markers (colored blue) represent type ‘M’ and ‘M*’ sources, circular markers (colored
green) represent type ‘U’ sources, and the gray arrows represent non-detections. The
filled blue square-shaped markers represent ‘M’ and ‘M*’ sources with a detected
luminosity and the unfilled markers represent luminosity upper limits where there is
only a distance upper limit. The solid, dashed, and dotted diagonals show 100%,
10%, and 1% efficiency (respectively).
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7.4 Off-Peak Individual Source Discussion
Here we discuss several interesting sources found in the off-peak analysis.
The off-peak emission from PSR J0007+7303 in the SNR CTA1 was previously
studied by Abdo et al. (2012). They found a soft and not-significantly cut off source
in the off-peak region that is marginally extended. We find a similar spectrum and
extension significance (TSext = 10.8), and therefore classify this source as type ‘U’.
The new type ‘W’ source is associated with PSR J0205+6449 (Abdo et al. 2009a).
The off-peak spectrum for this source is shown in panel b of Figure 7.2. The emission
is best fit as a point source at (l, b) = (130.◦73, 3.◦11) with a 95% confidence-level
radius of 0.◦03. The source has a hard spectrum (power law with Γ = 1.61 ± 0.21)
and is therefore consistent with a PWN hypothesis. This nebula has been observed
at infrared (Slane et al. 2008) and X-ray (Slane et al. 2004) energies. This suggests
that we could be observing the inverse Compton emission from the same electrons
powering synchrotron emission at lower energies. The PWN hypothesis is supported
by the associated pulsar’s very high E˙ = 2.6 × 1036 erg s−1 and relatively young
characteristic age, τc = 5400 yr. This is consistent with the properties of other
pulsars with LAT-detected PWN, and we favor a PWN interpretation. We note that
the discrepancy between our spectrum and the upper limit quoted in Ackermann
et al. (2011a) is mainly caused by our expanded energy range and because the flux
upper limit was computed assuming a different spectral index.
However, we note that PSR J0205+6449 is associated to the SNR 3C58 (G130.7+3.1).
Given the 2 kpc distance estimate from Abdo et al. (in prep) and the density of ther-
mal material estimated by Slane et al. (2004), we can estimate the energetics required
for the LAT emission to originate in the SNR. Following the prescription in Drury
et al. (1994), we assume the LAT emission to be hadronic and estimate a cosmic-ray
efficiency for the SNR of ∼ 10%, which is energetically allowed. We therefore cannot
rule out the SNR hypothesis.
No TeV detection of this source has been reported, but given the hard photon
index at GeV energies this is a good candidate for observations by an atmospheric
Cherenkov telescope. Improved spectral and spatial observations at TeV energies
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might help to uniquely classify the emission.
We obtain a flux for Vela-X which is ∼ 10% larger than the flux obtained in
Grondin et al. (2013). This discrepancy is most-likey due to assuming a different
spatial model for the emission (radially-symmetric Gaussian compared to elliptical
Gaussian).
PSR J1023−5746 is associated with the TeV PWN HESS J1023−575 (Aharonian
et al. 2007a). LAT emission from this PWN was first reported in Ackermann et al.
(2011a). Because of the dominant low-energy magnetospheric emission, we classify
this as type ‘M’ and not as a PWN. A phase-averaged analysis of this source for
energies above 10 GeV is reported in Acero et al. (in prep.).
PSR J1119−6127 (Parent et al. 2011) is associated with the TeV source HESS
J1119−6141. Our off-peak analysis classifies this source as ‘U’ because its spectrum
is soft and not significantly cut off. However, the SED appears to represent a cutoff
spectrum at low energy and a hard rising spectrum at high energy. Acero et al. (in
prep.) significantly detect this PWN using the analysis procedure as described for
J1023−575. We are likely detecting a composite of magnetospheric emission at low
energy and pulsar-wind emission at high energy.
PSR J1357−6429 (Lemoine-Goumard et al. 2011b) has an associated PWN HESS
J1356−645 detected at TeV energies (H.E.S.S. Collaboration et al. 2011d). Our anal-
ysis of the off-peak regions surrounding PSR J1357−6429 shows a source positionally
and spectrally consistent with HESS J1356−645, but with significance just below de-
tection threshold (TS = 21.0). Acero et al. (in prep.) present significant emission
from this source.
The off-peak region of PSR J1410−6132 (O’Brien et al. 2008) shows a relatively
hard spectral index of 1.90 ± 0.15, and the spectrum is not significantly cut off.
There is no associated TeV PWN and enough low-energy GeV emission is present
to caution against a clear PWN interpretation. We classify this source as ‘U’, but
further observations could reveal interesting emission.
1The discovery of HESS J1119−614 was presented at the “Supernova Remnants and Pulsar
Wind Nebulae in the Chandra Era” in 2009. See http://cxc.harvard.edu/cdo/snr09/pres/
DjannatiAtai_Arache_v2.pdf.
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PSR J2021+4026 is spatially coincident with the LAT-detected and spatially ex-
tended Gamma Cygni SNR (Lande et al. 2012). The off-peak emission from this
pulsar is consistent with an exponentially-cutoff spectrum and is therefore classified
as type ‘M’. The source’s marginal extension (TSext = 8.7) is likely due to some
contamination from the SNR.
Chapter 8
Search for PWNe associated with
TeV Pulsars
This chapter is based the first part of the paper “Constraints on the Galac-
tic Population of TeV Pulsar Wind Nebulae using Fermi Large Area Tele-
scope Observations” (Acero et al. in prep.).
Spatial analysis of Fermi data is important in identifying γ-ray emitting PWNe.
In Chapter 5, we developed a new method to study spatially-extended sources.
In Chapter 6, we searched for extended 2FGL sources. In the process, we ana-
lyzed the γ-ray emitting PWNe HESS J1825−137 and MSH 15−52 which had previ-
ously been detected. In addition, we discovered three additional spatially-extended
Fermi sources coincident with PWNe candidates (HESS J1616−508, HESS J1632−
478, HESS J1837−069).
In Chapter 7, we then searched for γ-ray emitting PWNe by looking in the off-peak
emission of LAT-detected pulsars. In that analysis, we detected four γ-ray emitting
PWNe (Vela−X, the Crab Nebula, MSH 15−52, and 3C 58).
In this chapter, we continue the search for γ-ray emitting PWNe by searching for
PWNe which had previously been detected at VHE energies by IACTs. We note that
the work presented here is a very condensed version of the results presented in (Acero
et al. in prep.). We refer to that publication for a more detailed discussion of the
analysis.
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8.1 List of VHE PWN Candidates
We took all sources detected at VHE energies and potentially associated with PWNe
and performed a search at GeV energies for γ-ray emission. As was seen in previous
chapters, many PWNe have been detected both at GeV and VHE energies, we suspect
that we might find new γ-ray emitting PWN by searching LAT data in the regions
of VHE PWNe.
In addition, there are several PWNe which have been detected at VHE energies
which do not have associated γ-ray pulsars (such as HESS J1825−137 and HESS
J1837−069). We therefore suspected that this search could find new γ-ray emitting
PWN which were not previously discovered either in the off-peak search discussed in
Chapter 7 or in another dedicated analyses.
We used TeVCat1 to define our list of VHE sources. TeVCat is a catalog of
sources detected at VHE energies by IACTs. We selected all sources from this catalog
where the emission was classified as being due to a PWN. In addition, we included all
unidentified source (UNID) sources within 5◦ of the galactic plane since they could be
due to a PWN. Finally, we included HESS J1023−575 because, although this source is
classified as a massive star cluster in the TeVCat, de Naurois & H.E.S.S. Collaboration
(2013) suggested that the emission could originate in a PWN. Table 8.1 presents a
list of all sources included in our analysis
1TeVCat can be found at http://tevcat.uchicago.edu.
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Table 8.1. List of analyzed VHE sources
Name Class l b Pulsar 2PC Reference
(deg.) (deg.)
VER J0006+727 PWN 119.58 10.20 PSR J0007+7303 Y McArthur (2011)
MGRO J0631+105 PWN 201.30 0.51 PSR J0631+1036 Y Abdo et al. (2009f)
MGRO J0632+17 PWN 195.34 3.78 PSR J0633+1746 Y Abdo et al. (2009f)
HESS J1018−589 UNID 284.23 −1.72 PSR J1016−5857 Y H. E. S. S. Collaboration et al. (2012)
HESS J1023−575 MSC 284.22 −0.40 PSR J1023−5746 Y H.E.S.S. Collaboration et al. (2011e)
HESS J1026−582 PWN 284.80 −0.52 PSR J1028−5819 Y H.E.S.S. Collaboration et al. (2011e)
HESS J1119−614 PWN 292.10 −0.49 PSR J1119−6127 Y Presentationa
HESS J1303−631 PWN 304.24 −0.36 PSR J1301−6305 N Aharonian et al. (2005b)
HESS J1356−645 PWN 309.81 −2.49 PSR J1357−6429 Y H.E.S.S. Collaboration et al. (2011d)
HESS J1418−609 PWN 313.25 0.15 PSR J1418−6058 Y Aharonian et al. (2006b)
HESS J1420−607 PWN 313.56 0.27 PSR J1420−6048 Y Aharonian et al. (2006b)
HESS J1427−608 UNID 314.41 −0.14 · · · N Aharonian et al. (2008c)
HESS J1458−608 PWN 317.75 −1.70 PSR J1459−6053 Y de los Reyes et al. (2012)
HESS J1503−582 UNID 319.62 0.29 · · · N Renaud et al. (2008)
HESS J1507−622 UNID 317.95 −3.49 · · · N H.E.S.S. Collaboration et al. (2011c)
HESS J1514−591 PWN 320.33 −1.19 PSR J1513−5908 Y Aharonian et al. (2005a)
HESS J1554−550 PWN 327.16 −1.07 · · · N Acero et al. (2012)
HESS J1616−508 PWN 332.39 −0.14 PSR J1617−5055 N Aharonian et al. (2006e)
HESS J1626−490 UNID 334.77 0.05 · · · N Aharonian et al. (2008c)
HESS J1632−478 PWN 336.38 0.19 · · · N Aharonian et al. (2006e)
HESS J1634−472 UNID 337.11 0.22 · · · N Aharonian et al. (2006e)
HESS J1640−465 PWN 338.32 −0.02 · · · N Aharonian et al. (2006e)
HESS J1702−420 UNID 344.30 −0.18 PSR J1702−4128 Y Aharonian et al. (2006e)
HESS J1708−443 PWN 343.06 −2.38 PSR J1709−4429 Y H.E.S.S. Collaboration et al. (2011b)
HESS J1718−385 PWN 348.83 −0.49 PSR J1718−3825 Y Aharonian et al. (2007b)
HESS J1729−345 UNID 353.44 −0.13 · · · N H.E.S.S. Collaboration et al. (2011a)
HESS J1804−216 UNID 8.40 −0.03 PSR J1803−2149 Y Aharonian et al. (2006e)
HESS J1809−193 PWN 11.18 −0.09 PSR J1809−1917 N Aharonian et al. (2007b)
HESS J1813−178 PWN 12.81 −0.03 PSR J1813−1749 N Aharonian et al. (2006e)
HESS J1818−154 PWN 15.41 0.17 PSR J1818−1541 N Hofverberg (2011)
HESS J1825−137 PWN 17.71 −0.70 PSR J1826−1334 N Aharonian et al. (2006c)
HESS J1831−098 PWN 21.85 −0.11 PSR J1831−0952 N Sheidaei (2011)
HESS J1833−105 PWN 21.51 −0.88 PSR J1833−1034 Y Djannati-Ata˘ı et al. (2008)
HESS J1834−087 UNID 23.24 −0.31 · · · N Aharonian et al. (2006e)
HESS J1837−069 UNID 25.18 −0.12 PSR J1836−0655 N Aharonian et al. (2006e)
HESS J1841−055 UNID 26.80 −0.20 PSR J1838−0537 Y Aharonian et al. (2008c)
HESS J1843−033 UNID 29.30 0.51 · · · N Hoppe (2008)
MGRO J1844−035 UNID 28.91 −0.02 · · · N Abdo et al. (2009f)
HESS J1846−029 PWN 29.70 −0.24 PSR J1846−0258 N Djannati-Ata˘ı et al. (2008)
HESS J1848−018 UNID 31.00 −0.16 · · · N Chaves et al. (2008)
HESS J1849−000 PWN 32.64 0.53 PSR J1849−001 N Terrier et al. (2008)
HESS J1857+026 UNID 35.96 −0.06 PSR J1856+0245 N Aharonian et al. (2008c)
HESS J1858+020 UNID 35.58 −0.58 · · · N Aharonian et al. (2008c)
MGRO J1900+039 UNID 37.42 −0.11 · · · N Abdo et al. (2009f)
MGRO J1908+06 UNID 40.39 −0.79 PSR J1907+0602 Y Aharonian et al. (2009)
HESS J1912+101 PWN 44.39 −0.07 PSR J1913+1011 N Aharonian et al. (2008b)
VER J1930+188 PWN 54.10 0.26 PSR J1930+1852 N Acciari et al. (2010)
MGRO J1958+2848 PWN 65.85 −0.23 PSR J1958+2846 Y Abdo et al. (2009f)
VER J1959+208 PSR 59.20 −4.70 PSR J1959+2048 Y Hall et al. (2003)
VER J2016+372 UNID 74.94 1.15 · · · N Aliu (2011)
MGRO J2019+37 PWN 75.00 0.39 PSR J2021+3651 Y Abdo et al. (2007)
MGRO J2031+41A UNID 79.53 0.64 · · · N Abdo et al. (2007)
MGRO J2031+41B UNID 80.25 1.07 PSR J2032+4127 Y Bartoli et al. (2012)
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Table 8.1 (cont’d)
Name Class l b Pulsar 2PC Reference
(deg.) (deg.)
MGRO J2228+61 PWN 106.57 2.91 PSR J2229+6114 Y Abdo et al. (2009f)
aThis source was presented at the ”Supernova Remnants and Pulsar Wind Nebulae in the Chandra
Era”, 2009. See http://cxc.harvard.edu/cdo/snr09/pres/DjannatiAtai_Arache_v2.pdf.
Note. — The VHE sources that we search for at GeV energies. This classifications comes from
TeVCat: PWN for pulsar wind nebula, UNID for unidentified source, and MSC for massive star cluster.
We include HESS J1023−575 because it is potentially a PWN (de Naurois & H.E.S.S. Collaboration
2013). For sources with an associated pulsar, column 4 includes the pulsar’s name. Column 5 describes
if the pulsar has been detected by the LAT and included in 2PC (See Chapter 7).
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8.2 Analysis Method
Our spectral and spatial analysis method was very similar to the analysis in Chapter 7.
We used the same hybrid pointlike/gtlike approach for fitting LAT data and
modeled the regions using the same standard background models.
The largest difference was that this analysis was performed only for E > 10 GeV.
As can be seen in Chapter 7, for energies much lower than 10 GeV source analysis
becomes strongly biased by systematic errors associated with incorrectly modeling
the Galactic-diffuse emission. On the other hand, the γ-ray emission from PWN
is expected to be the rising component of an IC peak which falls at VHE energies.
Therefore, the emission observed by the LAT is expected to be hard and most signifi-
cant at higher energies. Therefore, we expect that starting the analysis at 10 GeV will
significantly reduce systematics associated with this analysis while preserving most
of the space for discovery.
Because the analysis was performed only in this high energy range where the PSF
of the LAT is much improved, we used a smaller region of interest (a radius of 5◦ in
pointlike and a square of size 7◦ × 7◦ in gtlike). Another differences is that we
used an event class with less background contamination (Pass 7 Clean instead of Pass
7 Source) and modeled nearby background sources using the first Fermi hard-source
list (1FHL) (Ackermann et al. in prep).
For our analysis, we assume the GeV emission from our source to have a power-
law spectral model and that the GeV spatial model was the same as the published
VHE spatial model. We define TSTeV as the likelihood-ratio test for the significance
of the source assuming this source model and claim a detection when TSTeV > 16.
Since our significance test has two degrees of freedom, the flux and spectral index,
following this corresponds to a 3.6σ detection threshold (see Section 5.3.1). When a
source is significantly detected, we quote the best-fit spectral parameters. Otherwise,
we derive an upper limit on the flux of any potential emission. We note that Acero
et al. (in prep.) performed a more detailed morphological analysis which studied the
overlap between the GeV and VHE emission for these sources. For brevity, we omit
the details and simply use the results.
Many of these PWNe candidates are in regions with LAT-detected pulsars. For
these sources, Acero et al. (in prep.) included the spectral and spatial results both
with and without the LAT-detected pulsar in the background model. For simplic-
ity, we include only the analysis with the pulsar included in the background model.
We caution that this method could be biased in either oversubtracting or undersub-
tracting the pulsar depending upon systematics associated with the 2FGL fits of the
pulsars.
There are three major sources of systematic uncertainties effecting the spectrum
of these sources. The first is due to uncertainty in our modeling of the Galactic
diffuse emission, which we estimate following the method of Section 6.2. The second
is due to uncertainty in the effective area, which We estimated using the method
described in Ackermann et al. (2012). The final systematic is due to our uncertainty
in the true morphology of of the source. We use as our systematic error the difference
in spectrum when the source is fit assuming the published VHE spatial model and
spatial model fit from LAT data.
8.3 Sources Detected
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Table 8.2. Spatial and spectral results for detected VHE sources
Name ID TSTeV F
316 GeV
10 GeV Γ
(10−10ph cm−2s−1)
HESS J1018−589 O 25 1.5± 0.5± 0.7 2.31± 0.50± 0.49
HESS J1023−575 PWNc 52 4.6± 0.9± 1.2 1.99± 0.24± 0.32
HESS J1119−614 PWNc 16 2.0± 0.6± 0.8 1.83± 0.41± 0.36
HESS J1303−631 PWNc 37 3.6± 0.9± 2.1 1.53± 0.23± 0.37
HESS J1356−645 PWN 24 1.1± 0.4± 0.5 0.94± 0.40± 0.40
HESS J1420−607 PWNc 36 3.4± 0.9± 1.1 1.81± 0.29± 0.31
HESS J1507−622 O 21 1.5± 0.5± 0.5 2.33± 0.48± 0.48
HESS J1514−591 PWN 156 6.2± 0.9± 1.3 1.72± 0.16± 0.17
HESS J1616−508 PWNc 75 9.3± 1.4± 2.3 2.18± 0.19± 0.20
HESS J1632−478 PWNc 137 11.8± 1.5± 5.3 1.82± 0.14± 0.19
HESS J1634−472 O 33 5.6± 1.3± 2.5 1.96± 0.25± 0.29
HESS J1640−465 PWNc 47 5.0± 1.0± 1.7 1.95± 0.23± 0.20
HESS J1708−443 PSR 33 5.5± 1.3± 3.5 2.13± 0.31± 0.33
HESS J1804−216 O 124 13.4± 1.6± 3.1 2.04± 0.16± 0.24
HESS J1825−137 PWN 56 5.6± 1.2± 9.0 1.32± 0.20± 0.39
HESS J1834−087 O 27 5.5± 1.2± 2.5 2.24± 0.34± 0.42
HESS J1837−069 PWNc 73 7.5± 1.3± 4.2 1.47± 0.18± 0.30
HESS J1841−055 PWNc 64 10.9± 0.8± 4.1 1.60± 0.27± 0.33
HESS J1848−018 PWNc 19 7.4± 1.9± 2.7 2.46± 0.50± 0.51
HESS J1857+026 PWNc 53 4.2± 0.3± 1.3 1.01± 0.24± 0.25
VER J2016+372 O 31 1.8± 0.5± 0.8 2.45± 0.44± 0.49
Note. — The VHE PWNe candidates significantly detected by the LAT. Column
2 is our classfication of the LAT emission. Column 3 is TSTeV, Column 4 is the
observed flux, and Column 5 is the spectral index. The two errors on the flux and
spectral index are statistical and systematic.
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We detected 22 sources at GeV energies. For significantly-detected sources, we
present the spatial and spectral results for these sources in Table 8.2. Flux upper
limits for non-detected sources as well as spectral points in three independent energy
bins are can be found in Acero et al. (in prep.).
We attempt to classify the GeV emission into four categories: “PWN”-type for
sources where the GeV emission is clearly identified as a PWN, “PWNc” for sources
where the GeV emission could potentially be due to a PWN, “PSR”-type for sources
where the emission is most likely due to pulsed emission inside the pulsar’s magneto-
sphere, and “O”-type (for other) when the true nature of emission is uncertain.
We categorize a source as “PWN”-type or “PWNc”-type when the emission has a
hard spectrum which connects spectrally to the VHE spectrum and when there is some
multiwavelength evidence that the GeV and VHE emission should be due to a PWN.
We label a source as “PWN”-type when the VHE emission suggests more strongly
that the emission is due to a PWN. We include in Table 8.2 the source classifications
for each source. We will discuss the “PWN”-type source in Section 8.3.1. We label a
source as “PSR”-type if the emission is soft, point-like, and strongly effected by our
inclusion of its associated 2FGL pulsar in the background model. We label a source
as “O”-type otherwise.
8.3.1 “PWN”-type and “PWNc”-type Sources
In total, we detect fourteen sources which we classify as “PWN”-type or “PWNc”-
type. Five of these PWN and PWN candidates are first reported in this analysis.
Of these fourteen sources, three are classified as “PWN”-type. They are HESS
J1356−645, MSH 15−52 (HESS J1514−591), and HESS J1825−137. HESS J1356−
645 and MSH 15−52 are classified as “PWN”-type because of the correlation be-
tween the X-ray and VHE emission (H.E.S.S. Collaboration et al. 2011d; Aharonian
et al. 2005a). HESS J1825−137 is classified as “PWN”-type because of the energy-
dependent morphology observed at VHE energies (Aharonian et al. 2006c). We note
that HESS J1356−645 is first presented as a γ-ray emitting PWN in this work. Once
we add the Crab Nebula and Vela−X (not analyzed in this work) to this list, the
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total number of clearly-identified PWNe detected at GeV energies is five.
In addition, we detect eleven “PWNc”-type sources. Four of these sources are
first reported in this work: HESS J1119−614, HESS J1303−631, HESS J1420−607,
and HESS J1841−055. These sources are all powered by pulsars energetic enough to
power the observed emission (PSR J1119−6127, PSR J1301−6305, PSR J1420−6048,
PSR J1838−0537), and they all have a hard spectrum which connects to the spectra
observed at VHE energies. The multiwavelength interpretation of the new PWN and
PWN candidates is discussed more thoroughly in Acero et al. (in prep.).
The remaining seven “PWNc”-type sources have been previously published: HESS
J1023−575 (Ackermann et al. 2011a), HESS J1640−465 (Slane et al. 2010), HESS
J1616−508 (Lande et al. 2012), HESS J1632−478 (Lande et al. 2012), HESS J1837−
069 (Lande et al. 2012), HESS J1848−018 (Tam et al. 2010), and HESS J1857+026
(Rousseau et al. 2012). We classify HESS J1848−018 as “PWNc” even though the
GeV emission has a soft spectrum based on the analysis from Lemoine-Goumard et al.
(2011a).
We mention that three of these “PWNc”-type sources have LAT-detected pulsars
(PSR J1119−6127, PSR J1420−6048, and PSR J1838−0537) and therefore were also
studied in Chapter 7. In Chapter 7, PSR J1119−6127 has TS = 61.3 and is classified
as a “U”-type source because the spectrum is relatively soft (spectral index ∼ 2.2).
The off-peak spectrum of this source shows both a low-energy component and high-
energy component, so most likely the off-peak emission is composted of the pulsar at
low energy and the PWN at high energy.
For PSR J1420−6048, the off-peak emission (at the position of the pulsar) has
TSpoint = 8.1 which is significantly less then the emission observed in the high-energy
analysis (TSTeV =36). It is possible that for this source, TSTeV is overestimated due
to undersubtracting the emission of PSR J1420−6048.
Finally, PSR J1838−0537 is significantly detected in the off-peak, but as a soft and
significantly-cutoff spectrum. This emission is also spatially-extended and the best-fit
extension incorporates both the emission at the position of PSR J1838−0537 and also
residual towards the center of HESS J1841−055. Most likely, the off-peak emission of
PSR J1838−0537 includes both a magnetospheric component at the position of the
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pulsar and a PWN component from HESS J1841−055.
8.3.2 “O”-type Sources
We detected six “O”-type sources. Two of these sources (HESS J1634−472 and HESS
J1804−216) have a hard spectrum which connects spectrally to the VHE emission
but are not classified as PWN based upon multiwavelength considerations. HESS
J1634−472 is not a PWN candidate because there are no pulsar counterparts able to
power it. HESS J1804−216 was suggested to be SNR G8.7−0.1 (W30, Ajello et al.
2012).
The remaining four “O”-type sources have a soft spectrum which does not con-
nect with the VHE emission: HESS J1018−589, HESS J1507−622, HESS J1834−087,
and VER J2016+372. HESS J1018−589 is in the region of the γ-ray binary 1FGL
J1018.6−5856 (The Fermi LAT Collaboration et al. 2012) and also SNR G284.3−1.8
. GeV emission from the region of HESS J1507−622 is studied in Domainko & Ohm
(2012). HESS J1834−087 and VER J2016+372 both lack pulsars energetic enough to
power the observed emission.
8.3.3 “PSR”-type Sources
In (Acero et al. in prep.), the E > 10 GeV search for PWN was performed both
with and without associated pulsars included in the background model. When we
did not include the LAT-detected pulsars included in the background model, we
detected nine sources which were consistent with magnetospheric emission. After
modeling the associated pulsars in the background, only HESS J1708−443 remained
significant. Even so, the source was strongly influenced by the inclusion of the pulsar
in the background model, so we suspect that the emission primarily magnetospheric
and that our pulsar emission model underpredicts the true magnetospheric emission.
Chapter 9
Population Study of LAT-detected
PWNe
This chapter is based the second part of the paper “Constraints on the
Galactic Population of TeV Pulsar Wind Nebulae using Fermi Large Area
Telescope Observations” (Acero et al. in prep.).
In Chapter 6, we search for new spatially-extended Fermi sources and found that
spatial extension was an important characteristic for detecting new PWNe. In the
process, we discovered three new γ-ray emitting PWNe candidates (HESS J1616−508,
HESS J1632−478, HESS J1837−069). In Chapter 7, we then searched in the off-peak
phase interval of LAT-detected pulsars for new PWNe and discovered 3C 58. Finally,
in Chapter 8 we searched in the regions surrounding PWNe candidates detected
at TeV energies for GeV-emitting PWNe and detected four new PWNe candidates
(HESS J1119−614, HESS J1303−631, HESS J1420−607, and HESS J1841−055) and
1 new PWN (HESS J1356−645)
In this chapter, we take the population of γ-ray emitting PWNe and PWNe candi-
dates and study how their multiwavelength properties evolve with properties of their
host pulsars. In Table 9.1, we compile the multiwavelength properties of the VHE
sources studied in Chapter 8. In particular, we include the spectra of the PWNe
observed at X-ray and VHE energies, and the observed spin-down powers, ages, and
distances of the associated pulsars.
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Table 9.1. The muliwavelenth properties of the VHE source and their associated
LAT-detected pulsars.
Source F30TeV1TeV F
10 keV
2 keV PSR E˙ τ Distance
(10−12erg cm−2s−1) (10−12erg cm−2s−1) (erg s−1) (kyr) (kpc)
VER J0006+727 · · · · · · PSR J0007+7303 4.5e+35 13.9 1.4± 0.3
3C 58 < 18 5.5 PSR J0205+6449 2.6e+37 5.5 1.95
Crab 80± 16 21000± 4200 PSR J0534+2200 4.6e+38 1.2 2.0± 0.5
MGRO J0631+105 · · · · · · PSR J0631+1036 1.7e+35 43.6 1.00± 0.20
MGRO J0632+17 · · · · · · PSR J0633+1746 3.2e+34 342 0.2+0.2−0.1
Vela−X 79± 21 54± 11 PSR J0835−4510 6.9e+36 11.3 0.29± 0.02
HESS J1018−589 0.9± 0.4 · · · PSR J1016−5857 2.6e+36 21 3
HESS J1023−575 4.8± 1.7 · · · PSR J1023−5746 1.1e+37 4.6 2.8
HESS J1026−582 5.9± 4.4 · · · PSR J1028−5819 8.4e+35 90 2.3± 0.3
HESS J1119−614 2.3± 1.2 · · · PSR J1119−6127 2.3e+36 1.6 8.4± 0.4
HESS J1303−631 27± 1 0.16± 0.03 PSR J1301−6305 1.7e+36 11 6.7+1.1−1.2
HESS J1356−645 6.7± 3.7 0.06± 0.01 PSR J1357−6429 3.1e+36 7.3 2.5+0.5−0.4
HESS J1418−609 3.4± 1.8 3.1± 0.1 PSR J1418−6058 4.9e+36 1 1.6± 0.7
HESS J1420−607 15± 3 1.3± 0.3 PSR J1420−6048 1.0e+37 13 5.6± 0.9
HESS J1458−608 3.9± 2.4 · · · PSR J1459−6053 9.1e+35 64.7 4
HESS J1514−591 20± 4 29± 6 PSR J1513−5906 1.7e+37 1.56 4.2± 0.6
HESS J1554−550 1.6± 0.5 3.1± 1.0 · · · · · · 18 7.8± 1.3
HESS J1616−508 21± 5 4.2± 0.8 PSR J1617−5055 1.6e+37 8.13 6.8± 0.7
HESS J1632−478 15± 5 0.43± 0.08 · · · 3.0e+36 20 3
HESS J1640−465 5.5± 1.2 0.46± 0.09 · · · 4.0e+36 · · · · · ·
HESS J1646−458B 5.0± 2.0 · · · PSR J1648−4611 2.1e+35 110 5.0± 0.7
HESS J1702−420 9.0± 3.0 0.01± 0.00 PSR J1702−4128 3.4e+35 55 4.8± 0.6
HESS J1708−443 23± 7 · · · PSR J1709−4429 3.4e+36 17.5 2.3± 0.3
HESS J1718−385 4.3± 1.6 0.14± 0.03 PSR J1718−3825 1.3e+36 89.5 3.6± 0.4
HESS J1804−216 12± 2 0.07± 0.01 PSR J1803−2137 2.2e+36 16 3.8+0.4−0.5
HESS J1809−193 19± 6 0.23± 0.05 PSR J1809−1917 1.8e+36 51.3 3.5± 0.4
HESS J1813−178 5.0± 0.6 · · · PSR J1813−1749 6.8e+37 5.4 4.7
HESS J1818−154 1.3± 0.9 · · · PSR J1818−1541 2.3e+33 9 7.8+1.6−1.4
HESS J1825−137 61± 14 0.44± 0.09 PSR J1826−1334 2.8e+36 21 3.9± 0.4
HESS J1831−098 5.1± 0.6 · · · PSR J1831−0952 1.1e+36 128 4.0± 0.4
HESS J1833−105 2.4± 1.2 40± 0 PSR J1833−1034 3.4e+37 4.85 4.7± 0.4
HESS J1837−069 23± 9 0.64± 0.24 PSR J1836−0655 5.5e+36 2.23 6.6± 0.9
HESS J1841−055 23± 3 · · · PSR J1838−0537 5.9e+36 4.97 1.3
HESS J1846−029 9.0± 1.5 29± 1 PSR J1846−0258 8.1e+36 0.73 5.1
HESS J1848−018 4.3± 1.0 · · · · · · · · · · · · 6
HESS J1849−000 2.1± 0.4 0.90± 0.20 PSR J1849−001 9.8e+36 42.9 7
HESS J1857+026 18± 3 · · · PSR J1856+0245 4.6e+36 20.6 9.0± 1.2
MGRO J1908+06 12± 5 · · · PSR J1907+0602 2.8e+36 19.5 3.2± 0.3
HESS J1912+101 7.3± 3.7 · · · PSR J1913+1011 2.9e+36 169 4.8+0.5−0.7
VER J1930+188 2.3± 1.3 5.2± 0.1 PSR J1930+1852 1.2e+37 2.89 9+7−2
VER J1959+208 · · · · · · PSR J1959+2048 1.6e+35 · · · 2.5± 1.0
MGRO J2019+37 · · · · · · PSR J2021+3651 3.4e+36 17.2 10+2−4
MGRO J2228+61 · · · 0.88± 0.02 PSR J2229+6114 2.2e+37 10.5 0.80± 0.20
Note. — The multiwavelenth properties of LAT-detected PWN candidates. This table includes the X-ray flux in the 2 TeV to
30 TeV energy range (F10 keV2 keV ) and the VHE flux in the 1 TeV to 30 TeV range (F
30TeV
1TeV ). In addition, this table includes the
names of the associated pulsars and their spin-down energy, age, and distance. For several sources, no associated pulsar has been
detected, but properties from an assumed pulsar can be estimated. The references for all sources in this table for except 3C 58
can be found in Acero et al. (in prep.). For 3C 58, we took the X-ray flux from Torii et al. (2000), the VHE flux upper limit from
Konopelko (2008), and the pulsar properties from (Abdo et al. in prep). We note that there is no error reported on the X-ray flux
measurement.
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Figure 9.1 The observed γ-ray luminosities plotted against the observed spin-down
luminosities for the PWNe candidates from Table 9.1.
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In Figure 9.1, we compare the observed luminosity at GeV energies to the spin-
down power of the observed pulsar. This plot shows that all LAT-detected PWNe
emit a fraction . 10% of their spin-down energy into the γ-ray emission from the
PWN.
Next, in Figure 9.2 we compare compare the GeV luminosities and GeV to TeV
luminosity ratios as a function of ages and spin-down energies of the host pulsars.
These plots shows that there is no correlation between the GeV luminosities or GeV
to TeV luminosity ratios and the ages and spin-down energies of the associate pulsars.
In addition, we overlay the mean GeV to TeV luminosity ratio (R¯ = 2.7+2.7−1.4).
Finally, in Figure 9.3 we compare the distribution of the X-ray luminosities and
the GeV to X-ray luminosity ratios as a function of the ages and spin-down energies of
the pulsars. This plot shows that the X-ray luminosity decreases with pulsar age and
increases with spin-down energy. Similarly, the GeV to X-ray luminosity increases
with age and decreases with energy. These correlations are consistent with the simple
model predicted in Mattana et al. (2009) (See Section 3.5) and also with the observed
VHE relationships from the same paper.
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Figure 9.2 The observed γ-ray luminosities and the GeV to TeV luminosity ratios as a
function of the ages and spin-down energies for the PWN candidates from Table 9.1.
The dotted line corresponds to the average luminosity ratio (R¯). Because HESS
J1708−443 is classified as being a “PSR”-type source in Chapter 8, we consider the
observed γ-ray luminosity of it to be an upper limit on the PWN emission. .
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Figure 9.3 The observed X-ray flux and GeV to TeV luminosity ratios as a function of
the age and spin-down energies for the PWN candidates from Table 9.1. The dotted
line corresponds to the scaling relationships from Mattana et al. (2009) for the TeV to
X-ray luminosity ratio scaled by the average GeV to TeV luminosity (R¯). We caution
that 3C 58 does not have a X-ray luminosity error.
Chapter 10
Outlook
Since the observation of the Crab Nebula in 1989 (Weekes et al. 1989), we have learned
much about the high-energy IC emission from PWN. The current generation of VHE
experiments (H.E.S.S., Magic, and Veritas) have drastically expanded the population
of PWN observed at γ-ray energies and PWNe are the most populous class of VHE
sources in the Galaxy. Now, using the LAT on board Fermi , we have detected a large
fraction of these VHE PWN at GeV energies and one PWN not yet detected at VHE
energies.
The next great improvement in our knowledge of PWN will most likely come from
next-generation IACTs. The proposed the Cherenkov Telescope Array (CTA) (Actis
et al. 2011) will have a much improved effective area and angular resolution, allowing
for the discovery of more VHE PWN as well as improved imaging of PWN candidates.
As was the case for HESS J1825−137, energy-dependent morphology at VHE en-
ergies can be used to unambiguous identify VHE emission as being caused by a pulsar
(Aharonian et al. 2006c). Similarly, Van Etten & Romani (2011) showed for HESS
J1825−137 that detailed spatial and spectral observations combined with multi-zone
modeling can constrain the properties of the PWN. Detailed energy-dependent imag-
ing of a larger sample of PWN by CTA will allow us a greater understanding of the
physics of pulsar winds.
In addition, the Crab nebula has challenged our basic understand of the physics
of PWNe. It is possible that more detailed observations could uncover additional
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variable PWN and this could help to explain the nature of this variable emission.
Finally, because of the high density of VHE PWN in the galactic plane, it is
important to identify VHE sources as PWN to assist in the search for new source
classes. There is significant potential for the discovery of new VHE source classes,
but only after the numerous VHE PWN are classified. If the past is any guide to the
future, there is much still to be learned.
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